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ABSTRACT 

M a g n e t i c   a i r   b e a r i n g s   f o r   u s e  as low f r i c t i o n  

o v e r h e a d   s u p p o r t   f i x t u r e s   i n  a v e r t i c a l   l u n a r   g r a v i t y  

s i m u l a t o r   a r e   i n v e s t i g a t e d .   T h i s   d e v i c e   c o n s i s t s   o f  

a f l a t   m a g n e t i c   d j s c   w i t h  a c e n t r a l   a i r   o r i f i c e .  The 

t h e o r e t i c a l   a n a l y s e s  o f  t h e   a i r   b e a r i n g   a r e   i n  good 

a g r e e m e n t   w i t h   e x p e r i m e n t ,   T h e o r e t i c a l   m a g n e t   f o r c e  

ranges   f rom 15% t o  35% a b o v e   t h e   e x p e r i m e n t a l   v a l u e .  

Disc c e r a m i c   m a g n e t s   a r e   t h e o r e t i c a l l y   o p t i m i z e d  

b a s e d  on maximum f o r c e - t o - w e i g h t   r a t i o   a n d  d e s i g n  

c u r v e s   a r e   p r e s e n t e d .  
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1.0 IbiTRODUCTION 

I n  p r e p a r a t i o n  f o r  man's p l a n n e d   t r i p   t o   t h e  

moon v i a   t h e  Apo l lo  s p a c e   p r o g r a m ,   t h e r e   h a v e   b e e n  

r e c e n t   e f f o r t s   t o   d e s i g n   a n d   b u i l d   l u n a r   g r a v i t y  

s i m u l a t o r s  . 
The p u r p o s e  o f  t h i s   t h e s i s  i s  t o   a n a l y z e   a n d  

d e s i g n  a d e v i c e  known a s  a magne t i c  a i r  b e a r i n g ,  

which i s  a component of s u c h  a s i n u l a t o r .   T h e  mag- 

n e t i c  a i r  b e a r i n g  i s  u s e d   a s   a n   o v e r h e a d   s u p p o r t   a t  

c e i l i n g   l e v e l ,   T h i s   d e v i c e   a l l o w s  a s u p p o r t e d   o b j e c t  

t o  move f r e e l y   w i t h   m i n i m a l   f r i c t i o n ,  The t e s t  sub- 

j e c t  i s  s u s p e n d e d   f r o m   c o n s t a n t   f o r c e   s p r i n g s   i n  a 

m a r i o n e t t e - l i k e   f a s h i o n .   T h e s e   s p r i n g s ,   w h i c h  a r e  

c o n n e c t e d   t o   m a g n e t i c  a i r  b e a r i n g s ,   n e g a t e  5 / 6  o f  t h e  

subject's w e i g h t .  A d e t a i l e d   d e s c r i p t i o n  of  t h i s  sim- 

u l a t o r  i s  g iven   i n   The   Des ign  o f  a V e r t i c a l   L u n a r  

G r a v i t y   S i m u l a t o r  by R .  J .  Morgen, (1) 
"""_ - 

"" 

As an o v e r h e a d   s u p p o r t ,   t h e   m a g n e t i c  a i r  b e a r i n g  

y i e l d s  t h r e e   d e g r e e s  o f  freedom.  The f i r s t  two  de-  

grees a r e   h o r i z o n t a l   t r a n s l a t i o n   i n  a plane p a r a l l e l  

t o   t h e   c e i l i n g ,  The t h i r d   d e g r e e  of  f reedom i s  r o t a -  

tion, e i t h e r   c l o c k w i s e   o r   c o u n t e r - c l o c k w i s e .  

l 
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The d e v i c e  i s  s t r u c t u r a l l y   s i m p l e ,  I t  c o n s i s t s .  

of a f l a t  d i s c   w i t h   a n  a i r  o r i f i c e   a t  i t s  c e n t e r ,  A 

permancnt  magnet i s  imbedded i n   t h e   d i s c   a n d   a n  a i r  

l i n e   f e e d s   c o m p r e s s e d   a i r   t o   t h e   o r i f i c e ,  When t h e  

m a g n c t i c   a i r   b e a r i n g  i s  p l a c e d   i n   c o n t a c t   w i t h   a n   o v e r -  

h e a d   s t e e l   p l a t e   a n d   a i r   p r e s s u r e  i s  a p p l i e d ,   t h e   d e -  

v i c e  will f l o a t   a t  some s m a l l   d i s t a n c e   f r o m   t h e   c e i l i n g .  

I n  t h i s   o p e r a t i n g  mode, t h e   m a g n e t i c  a i r  b e a r i n g  

i s  c a p a b l e  o f  s t a b l y   s u p p o r t i n g  a l o a d .  I t  can  be 

s a i d   t h a t   t h e   m a g n e t   d e v e l o p s   t h e   l i f t i n g   f o r c e   a n d  

t h e  a i r  f l o w   s t a b i l i z e s  i t ,  A l t h o u g h   t h i s  comment 

re fe rs  t o  s t a t i c  s t a b i l i t y ,   n o   p r o b l e m s   h a v e   b e e n  e n -  

c o u n t e r e d   w i t h   a y n a m i c   f n s t a b i I f t y ;   a n d   t h e   c h o s e n   a i r  

b e a r i n g   d - e s i g n   h a s   p r o v e d   t o   h a v e   v e r y  good dynamic 

c h a r a c t e r i s t i c s  when  compared t o   o t h e r   c o n f i g u r a t i o n s .  ( 2 )  

A d y n a m i c   a n a l y s i s  o f  t h e   v e r t i c a l   s u s p e n s i o n -  

t y p e   s i m u I a t o r  was c o n d u c t e d   f o r   t h e   p u r p o s e  o f  e v a l u -  

a t i n g   s i m u I a t o r   p e r f o r m a n c e ,  An a b b r e v i a t e d   v e r s i o n  

of t h i s   a n z l y s i s  i s  g i v e n   i n   A p p e n d i x  A ,  

As t h e   r c s u l t  o f  c a l c u l a t i o n  b a s e d  on t h i s  liork (1) 

i t  was f o u n d   t h a t   t h e   d e g r e e  o €  s i m u l a t i o n   a t t a i n e d  
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was a c r i t i c a l   f u n c t i o n  of ove rhead   we igh t .  Thus ,  

from t h e   s t a n d p o i n t  o f  s i m u l a t o r   p e r f o r m a n c e ,   t h e  

m a g n e t i c   a i r   b e a r i n g   s h o u l d   h a v e  minimum w e i g h t .  

The a n a l y s i s  of t h e   m a g n e t i c   a i r   b e a r i n g   s y s t e m  

w i l l  c o n s i s t s  of d e t a i l e d   s e p a r a t e   a n a l y s e s  o f  t h e   a i r  

b e a r i n g  and t he   magne t .  The m a i n   o b j e c t i v e  o f  t h e s c  

a n a l y s e s  i s  t o  d e t e r m i n e   t h e   r e s p e c t i v e   f o r c e - v e r s u s -  

gap c h a r a c t e r i s t i c s  f o r  bo th   t he   componen t s .  Once 

o b t a i n e d ,   t h e   f o r c e   c h a r a c t e r i s t i c s   c a n   b e  summed, 

r e s u l t i n g   i n   t h c   o v e r a l l   f o r c e - v e r s u s - g a p   c h a r a c t e r i s -  

t i c  of t h e   m a g n e t i c   a i r   b e a r i n g ,  

3 



2.0  THEORETICAL ANI) EXPERIBENTAL ANALYSIS OF T€IE ”.“<””-.”- . .. ”“ 

AIR BEARING 

The a i r  flow model i s  s h o v n   d i a g r a m m a t i c a l l y   i n  

t h e   f o l l o w i n g   f i g u r e :  

E x t e r n a l l y   p r e s s u r i z e d   a i r  i s  i n t r o d u c e d   a t  t h e  

b e a r i n g   o r i f i c e ,  The s u b s e q u e n t   d e v e l o p e d   p r e s s u r e  

f o r c e s   t h e   b e a r i n g   s u r f a c e s   a p a r t ,  

As t h e  s u p p l y   p r e s s u r e  i s  i n c r e a s e d ,   t h e   r a d i a l  

v e l o c i t y   a t   t h e   o r i f i c e   r a d i u s  will i n c r e a s e  t o  t h e  

speed  of sound;  a n d ,  a t  l a r g e r   r a d i i ,   t h e   f l u i d  
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v e l . o c i t y  will be s u b s o n i c .  If  t h e  supply  p r e s s u r e  

i s  i n c r e a s e d   b e y o n d   t h i s   p o i n t ,   t h e   f l o w  a t  t h e   o r i f i c e  

r a d i u s  w i l l  remain  sonic .   However ,  a t   l a r g e r   r a d i i ,  

t h e   f l o w  will a c c e l e r a t e  t o  s u p e r s o n i c   v e l o c i t i e s ,  (3 )  

If s u p e r s o n i c   f l o w   d o e s   n o t  e x i s t  a t   t h e   o u t e r  

r a d i u s  of t h e   b e a r i n g ,  a normal   shock wave w i l l  

o c c u r   a t  some i n t e r m e d i a t e   r a d i u s   b e t w e e n   t h e   i n n e r  

a n d   o u t e r   r a d i i  o f  t h e   b e a r i n g .  I n  r e a l i t y ,  a 

se r ies  of o b l i q u e   s h o c k  waves r a t h e r   t h a n  a normal  

shock  wave will o c c u r  . 
The  main  purpose of  t h e   f o l l o w i n g   a n a l y s i s  i s  

t o  d e t e r m i n e   t h e   e x t e r n a l   l o a d   c h a r a c t e r i s t i c  of 

t h e  a i r  b e a r i n g .  To a c c o m p l i s h   t h i s   g o a l ,   t h e  

p r e s s u r e   d i s t r i b u t i o n   b e t t c e e n   t h e   b e a r i n g   s u r f a c e s  

i s  a n a l y z e d .  

A s s u m e i o n s  - 

T h e   f o l l o w i n g   a s s u m p t i o n s   a r e  made i n   t h e  

a n a l y s i s  o f  t h e   a i r   f l o w   b e t w e e n   t h e   b e a r i n g   s u r f a c e s :  
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1. 

2 .  

3 .  

4 ,  

5 ,  

6, 

7 .  

8 .  

The gap b e t w e e n   t h e   d i s c  and the s u r f a c e  

is of c o n s t a n t   t h i c k n e s s .  

The flow c o n s i s t s  o f  s u p e r s o n i c  and 

s u b s o n i c   r e g i m e s ,  

The   f low entering t h e   s u p e r s o n i c   r e g i o n  

is choked a n d   t h e r e f o r e  has s o n i c  

v e l o c i t y   a n d   c r i t i c a l   p r e s s u r e .  

The flow i n   t h e   s u p e r s o n i c   r e g i o n  i s  

a d i a b a t i c   r a d i a l   f l o w   w i t h   f r i c t i o n  

a t  the w a l l s ,  

T h e   f l o w   i n  t h e  s u b s o n i c   r e g i o n  i s  

i s o t h e r m a l .  

I n e r t i a l   e f f e c t s   i n   t h e   s u b s o n i c  

r e g i o n  a re  n e g l i g i b l e .  

T h e   f l o w   i n   t h e   s u b s o n i c   r e g i o n  i s  

l a m i n a r   a n d   f u l l y   d e v e l o p e d  . 
T h e  f l o w  i s  s t e a d y .  
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9,  A n o r m a l   s h o c k   w a v e   s c p a r a t e s   t h e   s u p e r -  

s o n i c   a n d   s u b s o n i c   f l o w s .  

1 0 .  R e l a t i v e   v e l o c i t y  of  t h e   p a d   a n d   s u r f a c e  

i s  s m a l l  in c o m p a r i s o n   t o   f l u i d   v e l o c i t i e s  

a n d   t h e r e f o r e   c a n   b e   n e g l e c t e d .  

11. T h e   a n n u l a r   a r e a   b e t w e e n   t h e   c e n t r a l  

o r i f i c e   a n d   t h e   s u r f a c e  i s  t h e   l i m i t i n g  

a r e a  of t h e  flow. 

1 2 .  T h e   w o r k i n g   f l u i d  is  a p e r f e c t   g a s ,  

13.   The  f low i s  r a d i a l ,  

1 4 ,  The f l u i d   i n   t h e   s u b s o n i c   r e g i o n  i s  

Newtonian . 



2.1 THE SUPPLY ORT’FICE 

The  goemetry of t h e  s u p p l y  o r i f i c e  i s  shown i n  

t h e   f o l l o w i n g   f i g u r e :  

G i v e n   t h i s   g e o m e t r y ,  i t  i s  p o s s i b l e   t o   h a v e  

e r   t h e   c i r c u l a r   a r e a  (WriL ) or t h e   a n n u l a r   a r  e i t h  e a  

(arPih)  b e  t h e   r e s t r i c t i n g   a r e a  o f  t h e  f low.  I n   t h i s  

a n a l y s i s   a n d   s u b s e q u e n t   d e s i g n ,  it w i l l  be  assumed 

t h a t  t h e   a n n u l a r   a r e a  will b e   s m a l l e r   t h a n   t h e  c i r -  

c u l a r   a r e a   a n d  will t h e r e f o r e   r e s t r i c t   t h e  f l o w ,  

M a t h e m a t i c a l l y  , t h i s   c o n s t r a i n t   c a n   b e   s t a t e d  
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I 

In a d d i t i o n ,  i t  will be assumed t h a t  t h e  f low 

is a l w a y s   c h o k e d   a t  ri, a n d   t h e r e f o r e  a Mach one 

c o n d i t i o n   e x i s t s  a t  t h i s   r a d i u s ,   T h e   t h e o r e t i c a l  

requirements f o r   c h o k i n g   t o   o c c u r   a r e   p r e s e n t e d   i n  

S e c t i o n  2 . 3 .  

T h e   f o l l o w i n g   f i g u r e   s h o w s   s c h e m a t i c a l l y  a 

p o s s i b l e  flow c o n d i t i o n   i n   t h e   r e g i o n  of t h e  supply 

o r i f  i ce .  

I 

As t h e  f l o w  e n t e r s   t h e   b e a r i n g ,  i t  i s  f o r c e d  

t o  n e g o t i a t e  a r i g h t - a n g l e   t u r n   a r o u n d  a s h a r p  

corner. I n  t he  p rocess  o f  t u r n i n g   t h e  c o r n e r ,  t h e  

flow would expand t o  a r e l a t i v e l y  h i g h  Mach number 
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l o c a l l y   a n d   c o n s e q u e n t l y   h a v e  a low s t a t i c  p re s su re ,  

As o p p o s e d   t o   t h i s   t r a i n   o f   e v e n t s ,  i t  i s  hypothe-  

s i z e d   t h a t   t h e   f l o w   a c t u a l l y   s e p a r a t e s   f r o m   t h e  lower 

b e a r i n g   s u r f a c e   a t   t h e   s u p p l y   r a d i u s   a n d   p a s s e s   i n t o  

t h e   b e a r i n g   i n  s m o o t h  s t r e a n ~ l i n e s   r a t h e r   t h a n   a r o u n d  

a s h a r p   r i g h t   a n g l e . ( 4 )  A t  some r a d i u s   l a r g e r   t h a n  

t h e   i n l e t   r a d i u s ,   t h e   f l o w   w i l . 1   a t t a c h   i t s e l f   t o   t h e  

l o w e r   b e a r i n g   s u r f a c e .   I f   t h i s   s e p a r a t i o n   d o e s   i n d e e d  

occur, t h e   l i m i t i n g   a r e a  o f  t h e  f l o w  will be  sonlewhat 

less t h a n   t h e   a n n u l a r   a r e a  ( A W p ; h  ) a n d   t h e  b!ach. one 

c o n d i t i o n  will n o t   n e c e s s a r i l y   e x i s t   a t   t h e   i n l e t  

r a d i u s ,  

A t h e o r e t i c a l   d e s c r i p t i o n  of t h i s   f l o w   s e p a r a -  

t i o n  w i l l  n o t  be presented ,   However ,  i t s  e f f e c t s  on 

t h e   f l o w  a t  r a d i i   l a r g e r   t h a n   t h , e   i n l e t   r a d i u s  will 

b e   i n c l u d e d ,   T h e  Nach  one- c o n d i t i o n  w i l l  s t i l l  be  

assumed t o   e x i s t   a t   t h e   i n l e t   r a d i u s ,  Howevkr, t h e  

l i m i t i n g   a r e a  o f  t h e   f l o w  w i l l  be   modi f ied   by   an  

e x p e r i m e n t a l l y - m e a s u r e d   d i s c h a r g e   c o e f f i c i e n t .  I t  

i s  t h i s   d i s c h a r g e   c o e f f i c i e n t   t h a t  w i l l  c o n t a i n   t h e  

n e t  e f f e c t s  of t h e  p r e s e n c e  o f  t h e   s e p a r a t i o n   b u b b l e ,  
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Since it h a s  been  assumed t h a t  t h e  flow c o n d i -  

t i o ~ ~ ~  a r e  c r i t i c a l  a t   t h e  i n l e t   r a d i u s ,  we c a n  wri te  

t h e  f o l l o w i n g .  expression f o r  the i n l e t  mass flow: 
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2 . 2  ANALYSIS OF SUPERSONIC FLOW 
""I.""" 

C o n s i d e r   t h e   f o r c e s   a c t i n g  011 t h e  e l e m e n t a l  

volume shown i n   t h e  f o l l o w i n g  f i g u r e :  

""" ""-1"- ">..""." 7 
"" i "-.""-._Y..-?"" i _ l  

T 

The sum o f  t h e  f o r c e s  a c t i n g   o n   t h e   e l e m e n t  in 

t h e  r a d i a l  d i r e c t i o n  i s  g i v e n  by 

Z ~ P L ~ S  = - P  JP  $ ~ ~ [ 8 ) , - 2 3 ' ~ d o d p  
3 r  

The momentum f l u x  t h r o u g h   t h e   c o n t r o l  volume 

s u r f a c e s  i s  g i v e n  b y  
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U s i n g   t h e   c o n t i n u i t y   e x p r e s s i o n ,   t h e   c h a n g e  

i n  momentum c a n   b e   s i m p l i f i e d  t o  

The r a t e  o f  m o m e n t h   e f f l u x  i s  e q u a l   t o   t h e  

n e t   f o r c e   a c t i n g  on t h e   f l u i d   w i t h i n   t h e   c o n t r o l  

volume. The   fo l lowing  momentum e q u a t i o n  i s  t h e r e -  

f o r e   o b t a i n e d :  

The a s sumpt ion  i s  now made t h a t  pressure, 

d e n s i t y   a n d   v e l o c i t y   a r e   f u n c t i o n s  o f  r a d i u s   o n l y .  
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/ 

The momentum e q u a t i o n   c a n   t h e n  be r e w r i t t e n  

w i t h o u t   t h e   p a r t i a l   d e r i v a t i v e s  

The d r a g  c o e f f j . c . i e n t   o r   f r i c t i o n   f a c t o r  i s  now 

i n t r o d u c e d .   T h i s   f r i c t i o n   f a c t o r  i s  d e f i n e d  a s  t h e  

r a t i o  of t h e   s h e a r   s t r e s s   a t  t h e  w a l l  t o   t h e   d y n a m i c  

head o f  t h e   s t r e a m  o r ,  i n   o t h e r  words ,  i t  i s  a measure 

of t h e   r e l a t i v e   s i g n i f i c a n c e  o f  t h e   v i s c o u s   a n d  

momentum e f f e c t s .  

The f r i c t i o n   f a c t o r  i s  known t o   b e  a f u n c t i o n  

of   the   Reynolds   number  and t h e   r e l a t i v e   r o u g h n e s s  

o f  t h e   s u r f a c e s ,   I n   t h i s   a n a l y s i s ,   h o w e v e r ,   t h e  

f r i c t i o n   f a c t o r  will be   a s sumed   t o   be  a c o n s t a n t .  

Upon s u b s t i t u t i o n  o f  E q u a t i o n  ( 2 . 4 )  i n t o   t h e  

momentum e q u a t i o n ,  we o b t a i n  
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The i d e a l  gas law i s  g iven   by  

P - j p 3 T  

The e n e r g y   e q u a t i o n   f o r   s t e a d y   a d i a b a t i c  fl.ow 

o f  a p e r f e c t  g a s  i s  w r i t t e n  

T a k i n g   t h e   l o g a r i t h m i c   d i f f e r e n t i a l   E q u a t i o n  

( 2 . 6 )  # 

dl? = ” c W  + dT 
P P 7- 

a n d   u p o n   s o l v i n g   f o r   t h e   t e m p e r a t u r e   d i f f e r e n t i a l ,  

we o b t a i n  

S u b s t i t u t i n g   E q u a t i o n  ( 2 .  

e q u a t i o n ,  we o b t a i n  

8) i n t o   t h e   e n e r g y  

1 5  



T h i s  e x p r e s s i o n  i s  i n t e g r a b l e .   I n t e g r a t i n g  frorn 

t h e  o r i f i c e  r a d i u s  , 

A t  t h e  o r i f i c e  r a d i u s   t h e  f l o w  i s  choked ,  and 

the re fo re ,  
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The s t a t e m e n t  o f  c o n t i n u i t y  c a n - b e  e x p r e s s e d  

S u b s t i t u t i n g  t h e  a b o v e   e q u a t i o n   f o r   r a d i a l  

v e l o c i t y   i n t o   E q u a t i o n  (2 .8 ) ,  we . o b t a i n  

S o l v i n g  f o r  t h e   d e n s i t y   r a t i o ,  

S i n c e   t h e   d e n s i t y  r a t i o  must   a lways  be a 

positive q u a n t i t y ,   t h e   n e g a t i v e   s i g n   i n   f r o n t  o f  

t h e   r a d i c a l   h a s   n o   p h y s i c a l   s i g n i f i c a n c e .  

Now, d e f i n i n g  a parameter ,  



i s  a f u n c t i o n  of. t h e   r a d i u s  an3 o f   p r e s s u r e ,  

However, s i n c e   t h e   p r e s s u r e   c a n  be e x p r e s s e d  as a 

f u n c t i o n  o f  r a d i u s ,  

y =  y(P) 

Now we c a n   r e l a t e   t h e   p r e s s u r e ,   d e n s i t y   a n d  

v e l o c i t y   t o y  and r a d i u s ,   S o l v i n g   E q u a t i o n   ( 2 8 1 2 )  

for t h e   p r e s s u r e   r a t i o ,  we o b t a i n  

Upon s u b s t i t u t i o n  of  E q u a t i o n s  ( 2 . 1 2 1  and  (2.13) 

i n t o  E q u a t i o n  (2,11), 
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S u b s t i t u t i n g   E q u a t i o n s   ( 2 . 1 3 )   a n d   ( 2 . 1 4 )   i n t o  

Equat ion   (2 .10)  , 

D e f i n i n g   t h e   f o l l o w i n g   d i n i e n s i o n l e s s   p a r a m e t e r s ,  

The momentum e q u a t i o n   c a n  be n o r m a l i z e d  
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E q u a t i o n  (2.13) can be r e w r i t t e n  i n  n o r m a l i z e d  

form as 

w K"" I p z r  

Upon differentiation, 

Froin E q u a t i o n  ( 2 , 3 . 5 ) ,  t h e  n o r m a l i z e d   v e l o c i t y  

is g i v e n  by 

Upon d i f f e r e n t i a t i o n ,  
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Now upon s u b s t i t u t i n g   t h e s e   d e r i v a t i v e s  into 

t h e  momentum e q u a t i o n ,  we o b t a i n   t h e   f o l l o w i n g  non- 

linear d i f f e r e n t i a l   e q u a t i o n  i n v  and F: 

Once t h e  above e q u a t i o n  is s o l v e d  for 9’ and t h e  

r e s u l t i n g   s o l u t i o n  i s  s u b s t i t u t e d   i n t o   E q u a t i o n  

( 2 . 1 3 ) ,  t h e  s u p e r s o n i c   p r e s s u r e   d i s t r i b u t i o n   c a n   b e  

o b t a i n e d .  A t  t h i s   p o i n t ,   t h e   s u p e r s o n i c   f l o w  problem 

i s  s o l v e d   w i t h   t h e   e x c e p t i o n  o f  t h e   s o l u t i o n  o f  

Equa t ion   (2 .17 ) .   S ince  a c l o s e d   f o r m   s o l u t i o n  of 

t h i s  e q u a t i o n  i s  p r o b a b l y   i m p o s s i b l e ,  i t  was s o l v e d  

n u m e r i c a l l y .   T h i s   s o l u t i o n  i s  d i s c u s s e d   i n   S e c t i o n  

2.5. 
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2.3 THE SUBSOXIC FLON REGION 

T h e . a s s u n p t i o n   t h a t  t h e  s u b s o n i c  f low is iso- 

t he rma l  can b e   v e r i f i e d   b y   t h e   f o l l o w i n g   o r d e r - o f -  

magn i tude   a rgunen t ,  We know f rom  the   l aws  o f  t r a n s i e n t  

h e a t   t r a n s f e r   t h a t ,  i f  8 s l a b  o f  mater ia l  i s 4 T  above 

or below t w o   c o n s t a n t   t e m p e r a - t u r e   b o u n d a r i e s ,   t h e  

t e m p e r a t u r e   d i f f e r e n t i a l   a t   t h e   c e n t e r  of t h e   s l a b  

will d e c r e a s e  t o  A T / 3  i n   t h e  time g i v e n   b y   t h e  

f o l l o w i n g   e q u a t i o n :  

Now, i f  we can  show t h a t  t h i s  time i s  much l e s s  

t h a n  some  mean time n e c e s s a r y   f o r   t h e   g a s   t o   t r a v e r s e  

t h e   b e a r i n g ,   t h e   i s o t h e r m a l   a s s u n p t i o n  i s  v e r i f i e d ,  

The  f o l l o w i n g   e x p r e s s i o n  w i l l  be  u s e d  t o  r e p r e s e n t  

t h i s   t r a v e r s a l  t ime 

where L is  d i s t a n c e   r e p r e s e n t i n g   t h e   l e n g t h  of  t h e  

b e a r i n g  and u i s  sone mean s u b s o n i c   v e l o c i t y ,  

22 



Typ.ical ly ,  T, is  of t h e   o r d e r   o f  3 )  s e c o n d s ,  

whereas  Tt i s  of t h e  o r d e r  of  1501 s e c o n d s ,   T h e r e -  

f o r e  8 

t 
[ 

and heat  will be conducted away faster than i t  is 

produced ,  The s u b s o n i c  f l o w  is t h e r e f o r e   c o n s i d e r e d  

i so the rma l  f o r  a l l .  p r a c t i c a l   p u r p o s e s .  ( 5 )  

C o n s i d e r   t h e   i . n f i n i t e s i m . a l  f l u i d  element 

shown  be 1 ow : 

de 
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T h e  lequation f o r  s t a t i c   e q u i l i b r i u m  of  t h i s  

. fluid element czn be w r i t t e n :  

Or, upon s i m p l i f i c a t i o n ,  

Using Newton's e q u a t i o n  relating s h e a r   s t r e s s  

to rate of strain,  
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and  combining   Equat ions  (2 .18)  and. (2.19), we 

o b t a i n  

I n t e g r a t i n g  t h i - s  equat . ion w i t h  r e spec t  to z and 

a p p l y i n g   t h e   b o u n d a r y   c o n d i t i o n s ,  

Then t h e   i n t e g r a t i o n   c o n s t a n t   c a n  be  expressed 

I 
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This  result  gives  the  parabolic  distribution 

shown  in the previous  figure. 

The average  velocity  across the gap is given 

From the e q u a t i o n  of state  and  the  isothermal 
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Then, upon c o m b i n a t i o n   w i t h   t h e   c o n t i n u i t y  

equation, we o b t a i n  

where co is  a c o n s t a n t ,  Or, upon s u b s t i t u t i n g  for 

t h e  a v e r a g e  radial v e l o c i t y ,  

I n t e g r a t  j .ng,  w e  o b t a i n  t h e  f o l l o w i n g   e q u a t i o n  

for pressure :  

Now, f o r   t h e  s a k e  of s i m p l i c i t y ,  l e t  

and 
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Then, 

Now a p p l y i n g  t h e  b o u n d a r y   c o n d i t i o n s  a t  t h e  

Th 

becomes 

P 

shock  wave a n d   o u t e r  diameter of t h e   d i s c  

P 3 r, 

r =- R 
e e q u a t i o n  f o r  t h e  p r e s s u r e   d i s t r i b r  d t i  on 

Now t h a t  t h e  p r e s s u r e   d i s t r i b u t i o n  i s  known, 

t h e   a v e r a g e  r a d i a l  v e l o c i t y   a n d   t h e  mass flow r a t e  

can  b e  c a l c u l a t e d ,  

The g r a d i e n t  o f  t h e   p r e s s u r e   w i t h   r a d i u s  i s  
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T h e n   t h e   a v e r a g e   r a d i a l   v e l o c i t y  i s  g i v e n  by 

T h e  mass flow r a t e  i s  

U s i n g   t h e  i d e a l  g a s  l a w   t o   e l i m i n a t e   t h e   d e n s i t y  

and s u b s t i t u t i n g   E q u a t i o n  ( 2 . 2 2 )  f o r  t h e   a v e r a g e  v e l o  

c i t y  i n t o   E q u a t i o n  ( 2 , 2 3 ) ,  t h e   f o l l o w i n g   e x p r e s s i o n  

f o r  t h e   m a s s   f l o w  i s  o b t a i n e d :  

T h e   d e t e r m i n a t i o n  of  t h e   c o n d i t i o n s   n e c e s s a r y   f o r  

choki .ng t o   o c c u r   a t   t h e   i n l e t   h a s  been  postponed u n t i l  

t h i s  time b e c a u s e  i t  i s  n e c e s s a r y   t o   h a v e   a n   e x p r e s s i o n  

for the s u b s o n i c   a v e r a g e   v e l o c i t y   d i s t r i b u t i o n ,  

A s s u m i n g   t h a t   t h e  s u p p l y  p r e s s u r e  i s  n o t  h i g h  

enough t o   p e r m i t   c h o k i n g ,  t h e  e n t i r e   b e a r i n g  w i l l  be  

SUbsonic.  The r a d i a l  f l u i d   v e l o c i t y   a t   t h e   s u p p l y  
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o r i f i c e  can t h e n  be expressed as  

w h e r e   t h e   s u b s c r i p t  i d e s i g ' n a t e s   t h e   c o n d i t i o n   a t  

t h e  supply  o r i f i c e .  The l o c a l  speed o f  s o u n d   a t  

t h i s  p o i n t  i s  

Using t h e   b a r o t r o p i c   r e l a t i o n s h i p   d e r i v e d  from 

t h e  i s o t h e r m a l   a s s u m p t i o n ,   t h e   s p e e d  of sound  can 

be r e w r i t t e n  a s  

The Mach numbel; a t  t h e   i n l e t  i s  t h e n   g i v e n  by 
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The minimurn p r e s s u r e   a t   t h e   i n l e t   r a d i u s   a t  

which   choking  will o c c u r  i s  g i v e n  by t h e   s o l u t i o n  o f  

Equat ion.  ( 2 . 2 5 )  f o r  P 1  w i t h  t h e  blach number s e t   a t   o n e . ( 6 )  

The  e q u a t i o n   f o r  P 1  can be e x p r e s s e d   i n   t h e   f o l l o w i n g  

b i n o m i a l  form: 

O r ,  u p o n   s o l v i n g   f o r  P I ,  

The n e g a t i v e   s i g n   i n   f r o n t  o f  t h e   r a d i c a l  i s  

n o t  c o n s i d e r e d   b e c a u s e  a n e g a t i v e   a b s o l u t e   p r e s s u r e  

has  n o   p h y s i c a l   s i g n i f i c a n c e .  
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Now that we h a v e   t h e   p r e s s u r e   a t   t h e   r a d i u s  

n e c e s s a r y   f o r   c h o k i n g ,   t h e  minirr!uIn s u p p l y  pressure  

c o n s i s t e n t   w i t h   t h i s   v a l u e  o f  P 1  c a n   b e   c a l c u l a t e d  

f rom  the   fo l lor . ; . ing   equat ion:  

A t  t h i s   v a l u e   o f   s u p p l y   p r e s s u r e ,   t h e   c o n d i -  

t i o n s   a t   t h e   i n l e t   o r i f i c e  w i l l  b e   c r i t i c a l ,  €low- 

ever, t h e  flow t h r o u g h o u t   t h e   r e s t  of t h e   b e a r i n g  

will be s u b s o n i c .  A t  supply p r e s s u r e s   g r e a t e r   t h a n  

Pornin, t h e   c o n d i t i o n s   a t   t h e   i n l e t   o r i f i c e  w i l l  

s t i l l  b e   c r i t i c a l ,  However, t h e   f l o w  w i l l  a c c e l -  

e r a t e   t o   s u p e r s o n i c   v e l o c i t i e s   a n d   t h e n  shock  

t o   s u b s o n i c   c o n d i t i o n s   a t  some r a d i u s   l a r g e r   t h a n  

t h e   i n l e t .  



I t  has been  assumed  that a normal shock wave 

t ies  the  two f low  regimes  together,  

The equation f o r  a norrnal shock wave in a per- 

' fect  g a s  r e l a t i n g   t h e   p r e s s u r e - r a t i o   a c r o s s   t h e  

shock to   the  upstream Mach number is(7) 

The upstrean Plach number i s  g iven by 

where 

Then, using  Equation (2.10), we o b t a i n  

(2 .29 )  
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upon s u b s t i t u t i o n  of Equa t ions   (2 .13 )  and 

(2.14) i n t o  t h e  a b o v e   e q u a t i o n ,  we o b t a i n  

T h e n   t h e   p r e s s u r e   r a t i o   a c r o s s   t h e   s h o c k  wave 

c a n  bc w r i t t e n   i n   t e r m s  of t h e   u p s t r e a m   v a l u e  o f  

t j le function y . 

T h c   e x p r e s s i o n  f o r  t h e  mass f l o w   i n   t h e   s u b -  

s@nic regime i s  g iven   by  
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S o l v i n g  f o r  t h e   d o w n s t r e z x   p r e s s u r e  

For  a g i v e n   g e o m e t r y ,  E q u a t i o n  (2.31) r e l a t e s  

the d o w n s t r e a m   p r e s s u r e   t o  t h e  position o f  t h e  

shock wave. 

I f  E q u a t i o n  ( 2 . 3 0 )  i s  2150 s o l v e d  f o r   t h e  

dor.;nstream p r e s s u r e ,  
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\;here ur)cl is  a f u n c t i o n  o f  rs o n l y ,  

T h e   s i m u l t a n e o u s   s o l u t i o n   o f   E q u a t i o n s  ( 2 . 3 1 )  

and ( 2 , 3 2 )  f o r  rs g i v e s   t h e   p o s i t i o n  o f  t h e   s h o c k  

wave 

S i n c e  tile f u n c t i o n  Y' i s  n o t  known e x p l i c i t l y ,  

a c losed  f o r m   s o l u t i o n   f o r   t h e   s h o c k  wave p o s i t i o n  

i n  terms o f  t h e   o t h e r   p a r a m e t e r s  of  t h e   s y s t e m  i s  

n o t  p o s s i b l e ,   T h e s e   e q u a t i o n s ,   h o w e v e r ,   h a v e   b e e n  

s o l v e d  n u m e r i c a l l y   f o r   s p e c i f i c   c a s e s ,  
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The t h r e e   m a j o r   i n d e p e n d e n t   v a r i a b l e s   w h i c h  

d e t e r m i n e   t h e   l o a d   c h a r a c t e r i s t i c   o f  t h e  a i r  b e a r i n g  

are the: o r i f i c e   r a d i u s ,   t h e   o u t s i d e   r a d i u s   a n d   t h e  

s u p p l y   p r e s s u r e ,   O t h e r   p a r a m e t e r s   s u c h  as s u p p l y  

t enpe ra tu re ,   ambien t   p re s su re   and   ambien t   t e1npe ra tu l - e  

k * i l l  b e   r e l a t i v e l y   c o n s t a n t   d u r i n g   t h e   o p e r a t i o n  of 

thc d e v i c e ;  and ,  t h e r e c o r e ,   t h e   e f f e c t s   o f   t h e s e  

v a r i a b l e s  will n o t   b e   c o n s i d e r e d .  

btethod of   So . lu t ion  """"- 
Because a c l o s e d   f o r m   s o l u t i o n   f o r   t h e   b e a r i n g  

l o a d  c h a r a c t e r i s t i c  was n o t   c o n s i d e r e d   f e a s i b l e ,   t h e  

p rob lem  was   so lved   numer i ca l ly   u s ing  a d i g i t a l  

conlputer. 

This   computer   program i s  p r e s e n t e d   i n   A p p e n d i x  

A s i m p l i f i e d   f l o w   c h a r t   f o r   t h i s   c o m p u t e r   p r o g r a m  

i s  shown i n   F i g u r e  2 . 1 .  The   approach   t aken   was   t o  

f i r s t  d e t e r m i n e   w h e t h e r   o r   n o t   t h e   f l o w   a t   t h e   o r i f i c e  

r a d i u s  i s  s o n i c   a t  a p a r t i c u l a r  gap. I f  t h e   f l o w  i s  

not s o n i c ,   t h e   p r e s s u r e   d i s t r i b u t i o n   u n d e r   t h e   b e a r i n g  

111 " 
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n u m e r i c a l l y   t o   o b t a i n   t h e   l o a d .  If t h e  f l o w  a t  t h e  

o ' l - i f i c e   r a d i u s  i s  d e t e r m i n e d   t o   b e   s o n i c ,   t h e  super-  

s o n i c   p r e s s u r e   d i s t r i b u t i o n  i s  c a l c u l a t e d ,   T h i s  i s  

done  by solving E q u a t i o n   ( 2 . 1 7 )   w i t h  a f i n i t e   d i f f e r -  

ence  technique.   The  method o f  Mi lne   was   chosen   fo r  

t h i s   t a s k .   T h i s   m e t h o d ,  as a p p , l i e d   t o   t h e   s o l u t i o n  

of   Equat ion   (2 .17) ,  i s  p r e s e n t e d   i n   t h e   f o l l o w i n g  

d i s c u s s i o n .  

S i n c e   t h e  f i r s t  d e r i v a t i v e   o f  'i' w i t h   r e s p e c t   t o  - 
r i s  i n f i n i t e   a t   t h e   o r i f i c e   r a d i u s ,  i t  was n e c e s s a r y  

t o  c o n s i d e r  Y a s  a f u n c t i o n  of 'v r a t h e r   t h a n   t h e   c o n -  

verse i n   t h e   v i c i n i t y   o f ' t h e   o r i f i c e .  T h e  f o l l o w i n g  

T a y l o r   s e r i e s  was g e n e r a t e d  f o r  7 n e a r   t h e   o r i f i c e  

The boundary   cond i t ion   on  t h e  f u n c t i o n v  is 

39 
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r e s p e c t   t o  7 c a n  now b e   e v a l u a t e d  from 

The f o u r t h   v a l u e  o f  c a n   b e   p r e d i c t e d   u s j . n g  

t h e   f o l l o w i n g   e q u a t i o n :  ( 8 )  

or ,  i n  g e n e r a l ,  t h e   ( n  + 1) t h   v a l u e  o f  F c a n  b e  p r e -  

d i c t e d   f r o m  

Once t h e  (n  + 1 ) t h   v a l u e  o f  7 i s  d e t e r m i n e d ,  

t h e   c o r r e s p o n d i n g   v a l u e  oC t h e  f i r s t  d e r i v a t i v e   c a n  
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T h i s   p r o c e d u r e  i s  t h e n   r e p e a t e d   u n t i l  t h e  v a l u e  

' @ f  Fn+l i s  w i t h i n   a n   a c c e p t a b l e   a g r e c m e n t   w i t h   t h e  

preceding v a l u e  . 
A t  some c o n v e n i e n t   r a d i u s   l a r g e r   t h a n   t h e   o r i -  

f i c e  r a d i u s ,   t h e   t e c h n i q u e   g i v e n   a b o v e  i s  s topped   and  

v i s  c o n s i d e r e d  a s  a f u n c t i o n   o f  F.  T h i s  i s  n e c e s s a r y  

because - g e t s   v e r y   l a . r g e   a n d  would  c a u s e  computer  

o v c r f l o w .   T h e   e q u a t i o n s   f o r   p r e d i c t i n g   t h e   ( n  + 1 ) t h  

va lue   o f  v) a r e   t h e  same a s   E q u a t i o n s  c 2 . 3 5 )  and ( 2 . 3 6 )  

d.; 
&v 

F i t h  F r e p l a c e d   b y  and-- r e p l a c e d  by---- hu' . 
d 9  di; 

For  e a c h   s t e p   i n   r a d i u s ,   t h e   p r e s s u r e  is c a l c u -  

l a t e d  using E q u a t i o n  (2.13). I n  a d d i t i o n , .  a t e s t  i s  

cadc  t o  s e e  if t h e   c o n d i t i o n s   a r e   r i g h t   f o r  t h e  s h o c k  

4 1  



s i m u l t a n e o u s l y   s a t i s f i e d .  Once t h e   s h o c k  wave o c c u r s ,  

t h e   s u b s o n i c   p r e s s u r e   - d i s t r i b u t i o n  i s  c a l c u l a t e d   a n d  

t h e  e n t i r e   p r e s s u r e   p r o f i l e  i s  i n t e g r a t e d  t o  o b t a i n  

t h e  l o a d .  

T h e o r e t i c a l   R e s u l - t s  
""_1 

For  Mach n u m b e r s   g r e a t e r   t h a n  one and  gap  Rey- 

no lds   numbers   va ry ing   f rom 2 5 , 0 0 0 .  t o  7,000,000., 

t h e   f r i c t i o n   f a c t o r  wi,ll v a r y   f r o m  .002 t o  ,003. (91 

T h e o r e t i c a l   g a p   R e y n o l d s   n u m b e r s   i n   t h e   s u p e r s o n i c  

r e g i o n   v a r y   f r o m  a h i g h  o f  a p p r o x i m a t e l y  7 0 , 0 0 0 ,  t o  

a Zow of- 4,,000. S i n c e   t h e   f r i c t i o n   f a c t o r  i s  some- 

what o f .  a weak, f u n c t i ' o n  o f '  the  Reynol-ds  number,  a 

c o n s t a n t   v a l u e  of , 0 0 2 5  was c h o s e n   f o r   a l l   t h e  

t h e o r e t i c a l   c a l . c u l a t i o n s .  

The d i s c h a r g e   c . o e f f i c i e n t  of  t h e   o r i f i c e  was 

e x p e r i m e n t a l l y   m e a s u r e d ,  I t  was  found t h a t  t h i s  

number was n o t  a f u n c t i o n   o f ' g a p   f r o m  0 t o  20  mils 

and  had a v a l u e  o f  a p p r o x i m a t e l y  .8 i n   t h e   o r i f i c e  

r a n g e   c o n s i d e r e d .  
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F i g u r e  2 , 2  shows a t y p i c a l   t h e o r e t i c a l   p r e s s u r e  

d i s t r i b u t i o n   u n d e r   a n   a i r   b e a r i n g ,  I t  shou ld   be  

n o t e d   t h a t   a t  1 m i l  t h e   f l o w  i s  c o m p l e t e l y   s u b s o n i c ,  

a n d   t h u s   n o   s h o c k  wave i s  p r e s e n t .  A t  t h e   l a r g e r  

gaps t h e   f l o w   h a s  a s u p e r s o n i c   r e g i o n   f o l l o w e d  by a 

shock  wave and a s u b s o n i c   r e g i o n .  As t h e   f l o w  accel-  

e r a t e s  t o   s u p e r s o n i c   v e l o c i t i e s ;   t h e   s t a t i c   p r e s s u r e  

drops q u i c k l y  to v a l u e s  below a t m o s p h e r i c   p r e s s u r e ,  

Because of t h e  low p r e s s u r e   i n   t h e   s u p e r s o n i c  

r e g i o n ,  t h e  a i r   b e a r i n g   i n  some c a s e s  will b e   a b l e  

to s u p p o r t  a l o a d   d i r e c t e d  away f r o m   t h e   b e a r i n g  

surf a c e s ,  

F i g u r e  2.3 shows t h e   t h ’ e o r e t i c a l   s h o c k  wave 

p o s i t i o n   a s  a f u n c t i o n   o f   g a p   f o r   a n   o r i f i c e   r a d i u s  

of ,156 i n c h e s   a n d   a n   o u t s i d e   r a d i u s  o f  3 ,  i n c h e s .  

A t y p i c a l   t h e o r e t i c a l   f l o w   c h z r a c t e r i s t i c   f o r  

a d i s c h a r g e   c o e f f i c i e n t  of . 8  i s  g i v e n   i n   F i g u r e  2 . 4 .  

S i n c e   t h e   d i s c h a r g e   c o e f f i c i e n t  i s  assumed t o  be  

independen t   o f  gap,  t h e  flow r a t e   i n c r e a s e s   l i n e a r l y  

w i t h  gap, 
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THEORETICAL PRESSURE DISTRIBUTION 

Shock Wave 

\ 
A Ga1>=4 mils \ 

R = 3.0 inches 
r i =  .156 inches 
Po= 110, p s i g  
P*= 65 .9  p s i a  
f = . 0 0 2 5  
CD= . S  

5 15 l'0 
Normalized Radius r/ri 

F i g u r e  2 . 2 



THEORETICAL SHOCK WAVE POSITION 
VERSUS AIR GAP 

__i_ - 

r i  .,156" 
R = 3 , "  
f = .0025 
CD = . 8  

50 p s i g  

-__ 1 
1 "I__ - 

5 10 15 20 
Gap (Mi 1 s) 

F i g u r e  2 . 3  
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THEORETICAL FLOW 
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. ' ?  

A t y p i c a l  s e t  o f   l o a d - v e r s u s - g a p   c u r v e s  i s  p r e -  

s e n t e d   i n   F i g u r e  2 .5 .  A t  s m a l l  g a p s ,   a n   i n c r e a s e   i n  

s u p p l y   p r e s s u r e   c a u s e s   a n   i n c r e a s e   i n   n e g a t i v e   l o a d .  

The n e g a t i v e   s i g n   i n d i c a t e s   t h a t  a c o m p r e s s i v e   l o a d  

is b e i n g   a p p l i e d   t o   t h e   b e a r i n g .  A l s o ,  a n   i n c r e a s e  

i n  s u p p l y   p r e s s u r e   r e s u l t s   i n   a n   i n c r e a s e   i n   p o s i t i v e  

l o a d   c a r r y i n g   a b i l i t y   ( f o r c e   t e n d i n g   t o   p u l l   t h e  

b e a r i n g  away f r o m   t h e   s u r f a c e )  . A s  has  b e e n   p r e v i -  

o u s l y   m e n t i o n e d ,   t h i s   e f f e c t  i s  caused  by  subatmos- 

p h e r i c   p r e s s u r e   i n   t h e   s u p e r s o n i c   r e g i o n .  

The p o s i t i v e   f o r c e   r e g i o n  w i l l  n o t   b e   u s e d   i n  

t h e   m a g n e t i c   a i r   b e a r i n g   d e s i g n   b e c a u s e   t h e   f o r c e  

g r a d i e n t ,   o r   s t i f f n z s s ,  is low;  and a m a g n e t i c   a i r  

b e a r i n g   o p e r a t i n g   i n   t h i s   r e g i o n   w o u l d   f a l l   f r o m   t h e  

c e i l i n g  o n   r e d u c t i o n  o f  a i r   p r e s s u r e ,  

S i n c e   t h e   e v a l u a t i o n   o f   t h e   a i r   b e a r i n g !   f o r c e  

c h a r a c t e r i s t i c  i s  the m a i n   o b j e c t i v e  of  t h e   a i r  flow 

a n a l y . s i s ,   d e t a i l e d   t h e o r e t i c a l   l o a d - v e r s u s - g a p   c h a r -  

a c t e r i s t i c s  a r e  p r e s e n t e d   i n   A p p e n d i x  C .  These  

c h a r a c t e r i s t i c s   c o v e r   t h e   f o l l o x i n g   i n d e p e n d e n t  

V a r i a b l e   v a l u e s :  

47 



- 50 

n 
v) 

-100 - z  
U 
PI 

a, 
I) 

-150 0 ik 

L 

k 

4 
.A 

-200 - 

- 250 1. 

-300 I 

I Ili Outsfde Radius=3.0" 
Orif ice Radius= a 156" 
CD=. 8 

Su ply  Pressure +- r50-icsr 
2. - 110 psig 
3 -. 70 p s i g  
4 - 50 p s i g  

. I  

Figure 2 a S 

48 



S u p p l y   P r e s s u r e :  50 ,  7 0 ,  110,   and  150 psig 

Orif ice  Rad ius :   , 0313 ,  , 0625 ,  , 0 9 3 8 ,  , 125 ,  

.156, and   , 168   i nches  

O u t s i d e   R a d i u s :  l . ,  Z,, and 3 ,  i n c h e s  

S i n c e   t h e   m a g n e t  w i l l  d e v e l o p   a l l  of t h e   . m a g n e t i c  

a i r   b e a r i n g ' s   h o l d i n g   f o r c e ,   a n d   s i n c e   t h i s   f o r c e  

d e c r e a s e s   w i t h   i n c r e a s i n g  gap ,  i t  i s  d e s i r a b l e   f r o m  

t h e  s t a n d p o i n t  o f  maximum d e v e l o p e d   f o r c e   t o   o p e r a t e  

a t  minimum g a p ,   T h e r e  i s ,  however ,  a p r a c t i c a l  limit 

t o  t h i s  minimum g a p   d u e   t o   s u r f a c e   t o l e r a n c e s ,   T h i s  

limit i s  approx ima t ' c ly  4 mils,  T h i s ,   a s  we l l  as 

o t h e r   p r a c t i c a l   m a g n e t i c   a i r   b e a r i n g   d e s i g n   c o n s i d e r -  

a t i o n s ,  will b e  d i s c u s s e d   i n  more d e t a i l   i n   S e c t i o n  4 ,  

Because  i t  i s  d e s i r a b l e   t o   o p e r a t e   t h e   b e a r i n g  

a s  c l o s e   t o   t h e   s u r f a c e   a s   p o s s i b l e ,   t h e   d e s i g n e d  

g a p   o p e r a t i n g   r a n g e   o f   t h e   d e v i c e  will b e   i n   t h e   a r e a  

of  from 4 t o  6 mils, I n   t h i s   r a n g e ,   t h e   s l o p e  o f  t h e  

a i r   f o r c e - v e r s u s - g a p   c u r v e ,   o r   s t i f f n e s s ,  i s  i m p o r t a n t  

because  i t  i s  a .measure o f  t h e   s t a b i l i z i n g   e f f e c t   t h a t  

t h e   a i r   b e a r i n g  will h a v e   o n   t h e   m a g n e t   c h a r a c t e r i s -  

t i c ,  T h e   p a r a m e t e r   c a l l e d   s t i f f n e s s  will h e r e a f t e r  
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be d e f i n e d  as t h e   s e c a n t   s l o p e   o f   t h e  a i r  f o r c e -  

v e r s u s - g a p   c h a r a c t e r i s t i c   f r o m  4 t o  6 mils. 

I t  i s  d e s i r a b l e  from t h e   s t a n d p o i n t  of  s t a b i l i t y  

a l o n e   t o   h a v e  as l a r g e  a s t i f f n e s s  as p o s s i b l e .  How- 

e v e r ,   i n  a d e s i g n  of a m a g n e t i c   a i r   b e a r i n g ,   c e r t a i n  

compromises   must   be made f o r   t h e  sake  o f  p r a c t i c a b i l i t y  

which will limit t h e   s t i f f n e s s .   T h e s e   l i m i t a t i o n s  

w i l l  be d i s c u s s e d   f u r t h e r   i n   S e c t i o n  4 .  

T h e o r e t i c a l  stifcness-versus-orifice r a d i u s  

c u r v e s  are  p r e s e n t e d   i n   F i g u r e s   2 . 6 ,  2.7, and 2.8.  

I t  c a n   b e   s e e n   i n   F i g u r e  2 . 6  f o r  a 3 - i n c h   o u t s i d e  

r a d i u s   a n d   i n   F i g u r e  2 . 7  f o r  a 2 - i n c h   o u t s i d e   r a d i u s  

t h a t   t h e   s t i f f n e s s   v a r i e s   a l m o s t   l i n e a r l y   w i t h   o r i -  

f i c e   r a d i u s   a n d   i n c r e a s e s   w i t h   s u p p l y   p r e s s u r e .   T h e  

s t i f f n e s s  f o r  a 1 - i n c h   o u t s i d e   r a d i u s ,  shown i n   F i g u r e  

2 . 8 ,  i n c r e a s e s   w i t h   o r i f i c e   r a d i u s   o u t   t o  .09 i n c h e s  

i n  t h e   s u p p l y   p r e s s u r e   r a n g e   f r o m  50 t o  1 5 0  ,ps ig . .  A t  

t h i s   o r i f i c e   r a d i u s   a n d  a s u p p l y   p r e s s u r e   o f   1 5 0   p s i g ,  

t h e   s t i f f n e s s   r e a c h e s  a maximum a n d   b e g i n s   t o   d r o p  

o f f .   T h i s   a l s o  occurs  a t  an o r i f i c e   r a d i u s  o f  . l l  

f o r  a s u p p l y   p r e s s u r e  o f  1 1 0  p s i g .  The  reason f o r  
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STIFFNESS VERSUS 
ORIFICE RADIUS 

3,O" Outside Radius 

10 

Figure 2.6 
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STIFFNESS VERSUS 
ORIFICE RADIUS 
"-."e 

2 .0"  O u t s i d e  R a d i u s  

Sugy ly  Pressure 

2 - 110 p s i g  
3 - 70 p s i g  
4 - 50 p s i g  

1- - T 5 - ( j j y r - -  

"I"" : 
, 0 2  .04 . 0 6  ,08  . l o  . 1 2  .14 .16 .lS . 20  . 2 2  

O r i f  ice Radius  (Inches) 

F i g u r e  2 . 7  
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14 Ij/ STIFFNESS VERSUS 
ORIFICE RADIUS 

1.0" Outside Radius  

" 

+-r5r6-ciT- Su p l y  P r e s s u r e  

2 - 110 psig 
3 - 7 0  psis 
4 - 50 psig 

e 0 2  ,04   . 06  .08 . l o  . 12  .14 ,16 .18 . 20  .-22 
Ori f i ce  Radius(1nches) 

F i g u r e  2 . 8 
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t h i s  l o s s  i n   s t i f f n e s s   w i t h   i n c r e a s i n g   o r i f i c e   r a d i u s  

and s u p p l y   p r e s s u r e  i s  t h a t   t h e   s h o c k  wzve  has 

a p p r o a c h e d   t h e   o u t s i d e   r a d i u s  of t h e   b e a r i n g   a n d   t h e  

f low  regime i s  c o m p l e t e l y   s u p e r s o n i c .  As has   been  

m e n t i o n e d ,   t h e   s u p e r s o n i c  flow h a s   a s s o c i a t e d   w i t h  

i t  a low s t a t i c   p r e s s u r e ,  I t  i s  t h e r e f o r e   p o s s i b l e  

wi th  a 1 - i n c h   o u t s i d e   r a d i u s   t o   o b t a i n  a h i g h e r  

t h e o r e t i c a l   s t i f f n e s s   w i t h  a l o w e r   s u p p l y   p r e s s u r e ,  

I f  s u p p l y   p r e s s u r e s   i n   t h e   r a n g e   o f   1 1 0   t o   1 5 0   p s i g  

a r e   u s e d   i n  a 1 - i n c h   o u t s i d e   r a d i u s   b e a r i n g ,   t h e  

o r i f i c e   r a d i u s   s h o u l d   n o t  exceec? t h e   r a d i i   o f   t h e s e  

maximunls. T h i s   l i m i t a t i o n   w o u l d   a l s o   h a v e   b e e n  

o b s e r v e d   f o r   t h e  2 -  a n d   3 - i n c h   o u t s i d e   r a d i u s   b e a r i n g s  

if t h e   o r i f i c e  radii h a d  been i n c r e a s e d  t o  s u f f i c i e n t l y  

l a r g e   v a l u e s ,  

F i g u r e s  2,9, 2.10,  and 2 . 1 1  show s t i f f n e s s   a s  a 

f u n c t i o n  o f  o u t s i d e   r a d i u s   f o r  .0625",  .09375", and 

a 1 2 5 "  o r i f i c e   r a d i i   r e s p e c t i v e l y ,   F o r  a l l  t h e  

p a r a m e t e r   r a n g e s   c o n s i d e r e d ,   t h e   s t i f f n e s s   i n c r e a s e s  

w i t h   t h e   b e a r i n g ' s   o u t e r   r a d i u s .  The low s t i f f n e s s  

shown i n  F i g u r e  2 . 1 1  a t  a n   o u t s i d e   r a d i u s  o f  1 i n c h  

and a s u p p l y   p r e s s u r e  o f  150 p s i g  i s  aga in   caused   by  
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Figure 2.9 
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STIFFXESS  VERSUS 
OUTSIDE RADIUS "." 
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STIFFNESS VERSUS 
OUTSIDE RADIUS ""- 

. 1 2 5 " 0 r i f i c e   R a d i u s  
m__ 

StxEly Pressure 

2 - 110 p s i g  
3 - 7 0  p s i &  
4 - 50 p s i g  

"Y "" '71' - 150" ps1g 

I 

I 

""" t _"" 
1 1 ..5 2 2.5 3 

O u t s i d e   R a d i u s ( 1 n c h e s )  

"- ~ " "  ,- 

F i g u r e  2 , * l l  
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A n o t h e r   p a r a m e t e r   w h i c h   s h o u l d   b e   i n v e s t i g a t e d  

is t h e  "no l o a d  gap" o r   t h e   t h e o r e t i c a l  gap a t  which 

the a i r   b e a r i n g   w o u l d   f l o a t  i f  i t  had  z e r o  w e i g h t ,  

I n  o r d e r  t o  u t i l i z e  t h e  magnet's f o r c e  to i t s  f u l l  

p o t e n t i a l ,  i t  is d e s i r a b l e  t o  h a v e   t h e  no  load   gap  

a s   s m a l l  as p o s s i b l e   w i t h o u t   e x c e e d i n g   t h e   p r a c t i c a l  

1 i m i . t a t i o n s   o f  the sys tem.  No load gap as  a f u n c t i o n  

of o r i f i c e   r a d i u s  i s  shown i n   F i g u r e s  2 . 1 2  and 2.13. 

I t  can  be seen   f rom t h e s e  f i g u r e s  t h a t  t h e  no. l o a d  

gap g e n e r a l l y   d e c r e a s e s   w i t h   i n c r e a s i n g   o r i f i c e  

r a d i u s  t o  some  minimum. I t  a l s o   s h o u l d   b e   n o t e d  

t h a t   t h i s   p a r a m e t e r   i n c r e a s e s   w i t h   i n c r e a s i n g   o u t s i d e  

r a d i u s  and d e c r e a s e s   w i t h   i n c r e a s i n g   s u p p l y   p r e s s u r e ,  
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2.6 COirIPARISCN OF T H E O R E T I C A L  ANI) E X P E R I M E N T A L  ".."","""" 

R E S U L T S  

T h e   e x p e r i m e n t a l   i n v e s t i g a t i o n   o f . t h e  a i r  

b e a r i n g ' s   c h a r a c t e r i s t i c s  was c o n d u c t e d   u s i n g  the 

a p p a r a t u s   s h o w n .   i n   F i g u r e  2 . 1 4  . 
The p r e s s u r e   d i s t r i b u t i o n   u n d e r   t h e   b e a r i n g  

was  measured  using a s l i d i n g   p l a t e   w i t h  a .013" 

d i a m e t e r   h o l e   i n  i t s  s u r f a c e .   T h i s  ho3.e was con-  

nec ted   by  a l i n e   t o  a p r e s s u r e - m e a s u r i n g   d e v i c e ,  By 

s l i d i n g   t h e   p l a t e   u n d e r   t h e   b e a r i n g ,   t h e   p r e s s u r e  

can   be   measured  a t  a n y   r a d i u s .   T h e   s l i d i n g   p l a t e  

p r e s s u r e - m e a s u r i n g   d e v i c e   a n d  a t y p i c a l   t e s t   a i r  

b e a r i n g   a r e  shown i n   F i g u r e  Z.1'5'. 

F i g u r e  2 .16  shows some t y p i c a l   b e a r i n g   p r e s s u r e  

p ro f i l e s   and   compares   t hem t o  t h e   t h e o r y .  I t  s h o u l d  

b e  n o t e d   t h a t   t h e   l a r g e s t   e r r o r   b e t w e e n   t h e o r y   a n d  

e x p e r i m e n t   o c c u r s   i n   t h e   s u b s o n i c   r e g i o n   a t   l o w  g a p s  

a n d   s m a l l   r a d i i .   T h i s   e r r o r  i s  c a u s e d   b e c a u s e   a s  

t h e   a i r  gap d e c r e a s e s ,  t h e  e n t r a n c e  Mach nulltber t o  

t h e   s u b s o n i c  f l o w  r e g i m e   i n c ' r e a s e s .   I n   f a c t  , i f   t h e  

gap d e c r e a s e s   t o   t h e   p o i n t   w h e r e   t h e   s h o c k  wave 
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APPARATUS FOR MEASURING  AIR  BEARING  CHARACTERISTICS 

Figure 2.14 



SLIDER PLATE AND TEST  BEARING 

F i g u r e  2.15 



COMPARISON OF THEORETICAL AND EXPERIMENTAL 
PRESSURE PROFILES 

h=,0025" 
h= . 0060" 
h= . 0090" 

Figure 2 . 16 



a p p r o a c h e s   t h e   o r i f i c e   r a d i u s ,   t h e   e n t r a n c e  Nach 

number t o  t h e   s u b s o n i c   r e g i m e   m u s t   a p p r o a c h   o n e ,  The 

e r r o r  i s  c a u s e d   b e c a u s e   t h e  momentum e f f c c t s   w e r e  

n e g l e c t e d   i n   t h e   s u b s o n i c   f l o w   t h e o r y ;   t h e r e f o r e ,  

one   wou ld   no t   expec t   ve ry  good expe r imen ta l   ag reemen t  

a t  h igh  s u b s o n i c   v e l o c i t i e s ,  The p r e s e n c e   o f   t h i s  

e r r o r  does  . n o t   d e g r a d e   t h e   u s e f u l n e s s   o f   t h e   t h e o r y  

as a p p l i e d  t o  t h e   m a g n e t i c   a i r   b e a r i n g   s i n c e   t h e  

d e v i c e ' s   o p e r a t i n g   g a p  w i l l  b e   l a r g e   e n o u g h   t o   l o w e r  

t h e   s u b s o n i c   e n t r a n c e  Mach number, 

From t h e   p r e s s u r e   p r o f i l e s  it c a n   b e   s e e n   t h a t  

t h e   t h e o r e t i c a l   s h o c k  wave p o s i t i o n  i s  i n  good a g r e e -  

ment w i t h  experiment ,   Ho-wever ,   by  usikg t h e  s x i d e r  

p l a t e ,  i t  was f o u n d   t h a t   t h e   s h o c k  wave o c c u r s   o v e r  

a r a d i u s   r a n g e   o f   a p p r o x i m a t e l y  l / S t t ,  This  means 

t .hat ,   i 'ns tead '  o f  a s i n g l e  normal:   shock  wave  occurr ing 

as- was assumed' i n  t h e   t h e o r y ,  a s e r i e s  o f  o b l i q u e  

shock waves must o c c u r .  

E x p e r i m e n t a l   f l o w   d a t a  f o r  s e v e r a l  a i r  b e a r i n g s  

a r e  sholqn i n   F i g u r e  2 . 1 7 .  T h e o r e t i c a l   f l o w   c h a r a c t e r -  

i s t i c s  a r e   a l s o  shown i n  t h i s  f i g u r e   f o r   p u r p o s e s  of 

compar ison ,  I t  c a n  be s e e n  that, t h e   e x p e r i m e n t a l  
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f low is directly  proportional 'to the  gap in the  ranee 

considered. The theoretical  flow  ;characteristics 

error could  have been eliminated by increasing  the 

. 8  discharge  coefficient. 

Since  theoretical and experimental  flow-versus- 

gap curves  are  straight  lines  through  the origin, 

a complete  flow  characteristic  can  be  represented by 

the rate of change o f  f low with  gap,  This flow 

gradient is plotted  against  orifice  radius  in Figure 

2.18. Again, it can  be  seen  that  the  theory is in 

good agreement with experiment. This  set of curves 

can be  used to determine  the f low characteristic of 

an air  bearing of any  orifice  size  operating in the 

pressure  range of  50 to 150  psis, 

A comparison  of  theoretical and experimental 

force  characteristics  are  presented  in  Figures 2.19 

through 2.25. Since these  force  characteristics 

were  the  prime  objective of the analysis,  it is 

encouraging to note that  the  theory  is in exce-llent 

agreement with experiment.  Looking ai  these  graphs J 
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I .  . , 

.- , 
. .  

it is d i f F i c u l k  t o  p i n y o . i n t   a n y   c o n s i s t e n t   e r r o r s .  

I t  wa,s a n t i c i p a t e d   t h a t   t h e   t h e o r y  would p r e d i c t  a 
. .  

h i g h e r   s t i f f n e s s  i n  t h e  low  gap  region  (below approx- 

ima te ly  3 m i l s )   t h a n   t h a t   f o u n d  by expe r imen t   because  

momentum e f f e c t s   i n   t h e   s u b s o n i c  flow were n e g l e c t e d  

r e s u l t i n g   i n  a h i g h e r - t h a n - a c t u a l   p r e s s u r e   d i s t r i b u t i o n ,  

T h i s  c a n n o t  be  c o n c l u s i v e l y   o b s e r v e d ,   h o w e v e r ,  i n  t h e  

comparison of  t h e o r e t i c a l   a n d   e x p e r i m e n t a l   f o r c e  

c h a r a c t e r i s t i c s .  

Because of t h e   g e n e r a l  good agreement   Letwecn 

t h e v r y  anG e x p e r i m e n t ,  i t  i s  b e l i e v e d   t h a t   t h e   u s e  

o f   t h e o r e t i c a l   r e s u l t s  i s  a d e q u a t e   i n   t h e   d e s i g n   o f  

a m a g n e t i c   a i r   b e a r i n g ,  
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DISCUSSION OF SECONIIARY EFFECTS 2 . 7  _"" Y" - 

The l i n e   c o n n e c t i n g   t h e  a i r  b e a r i n g   t o   t h e   a i r  

supply will have  someichat o f  a d e g r a d i n g   e f f e c t   o n  

t h c  p e r f o r ~ n a n c e   o f   t h e   d e v i c e ,  I t  has  been  'shown 

t h a t   t h e   s t i ' f f n e s s   o f  a b e a r i n g   d e c r e a s e s   w i t h   s u p p l y  

p r e s s u r c .   A l s o ,   t h e   p r e s s u r e   d r o p   a c r o s s   t h e   l i n e  

will i n c r e a s e   w i t h   t h e   f l o w   t h r o u g h   t h e   l i n e   o r   w i t h  

i n c r e a s e   i n   a i r   b e a r i n g   g a p ;   h e n c e ,   t h e   a i r   b e a r i n g ' s  

f o r c e   c h a r a c t e r i s t i c s  will b e   m o d i f i e d .   F o r   t h i s  

r e a s o n ,   t h e   s u p p l y   l i n e   s h o u l d   b e   c o n s i d e r e d   i n   t h e  

des ign   o f  t h e  sys t em.  

Once t h e   d e s i r e d   o p e r a t i n g   p r e s s u r e   a n d  gap a r e  

known, one c a n   c a l c u l a t e   t h e   s o u r c e   p r e s s u r e   r e q u i r e d  

t o  m a i n t a i n   t h e   d e s i g n   s u p p l y   p r e s s u r e .   T h e  l i n e  

s h o u l d   a l s o   b e   o f   s u f f i c i e n t   d i a m e t e r   t o   p r e v e n t  a 

l a r g e  p e r c e n t a g e   c h a n g e   i n   b e a r i n g   s u p p l y   p r e s s u r e  

w i t h   f l o l J   v a r i a t i o n   t h r o u g h   t h e   b e a r i n g ' s   o p e r a t i n g  

rankc. 
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)lorcent ”-.”.” S t a b i l i t y  

The a i r   b e a r i n g   m u s t   h a v e   s u f f i c i e n t   s t i f f n e s s  

t o  c o m p e n s a t e   f o r   t h e   m a g n e t ’ s   i n s t a b i l i t y  i n  t h e   v e r -  

t i c a l   d i r e c t i o n ,   S i n c c  a magnet i s  a l s o   u n s t a b l e   i n  

a t i p p i n g  mode, t h e   a i r   b e a r i n g  must a l s o  supply  a 

s t a b i l i z i n g   m o x e n t .  I t  i s  known Zrom p r o t o t y p e  mag- 

n e t i c   a i r   b e a r i n g s   t h a t   t h i s   s t a b i l i z i n g  moment does  

e x i s t  

I t  i s  t h e o r i z e d   t h a t ,   a s   t h e   a i r   b e a r i n g   t i p s ,  

the   shock   wave  will move i n  on t h e   c l o s e   s i d e   a n d  

aut. on t h e   f a r   s i d e ,   T h i s  movement o f  t h e   s h o c k  

wave will c a u s e   s u b s o n i c  f low t o   b e   p r e d o m i n a n t   o n  

t h e  c l o s e   s i d e   a n 3   t h e r e b y   i n c r e a s e   p r e s s u r e   i n   t h a t  

a r e a ,  On t h e   f a r   s i d e ,   t h e   s u b a t m o s p h e r i c   p r e s s u r e  

a s s o c i a t e d   w i t h   t h e   s u p e r s o n i c   r e g i o n  w i l l  c a u s e  a 

downwards f o r c e ,   T h i s   c a n   b e   d e s c r i b e d   a s  a t y p e   o f  

i n t e r n a l   f e e d b a c k   w h i c h   s e n s e s   t i p p i n g   a n d   g e n e r a t e s  

a c o r r e c t i n g  momcnt, 
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3 . 0  TkiEORETICAI, .4ND EXPERIMENTAL AXALYSIS OF THE MAGNET *”rn.”“ -.“” _I - 
3 . 1  SURVEY OF PCTEKTIAL NAGNET DESIGNS 
” __y 

The initial  selection of potential  magnet  designs 

gas based OR the  following  considerations: 

a. High  force-to-weight ratio 

b. Size and shape  compatibility  with 

t h e  air  bearing 

c ,  Minimum force  gradient  through  the 

operat.ing  range of the  bearing 

d ,  Long-term  stability of magnetic 

properties 

e,  Minimum  required  ceiling  thickness 

for proper  operation, 
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Figure 3.1 shows e i g h t   p o t e n t i a l   m a g n e t   d e s i g n s  

which meet t h i s   s h a p e   l i m i t a t i o n .   S i n c e   t h e s e   p a r -  

t i c u l a r   m a g n e t s  a l l  u s e  r h e  same  weight  o f  m a g n e t i c  

m a t e r i a l  ( 0 . 2 7  pounds ) ,  i t  i s  t h e r e f o r e   p o s s i b l e   t o  

compare  them d i r e c t l y  f o r  s e l e c t i o n   i n   t h i s   a p p l i c a t i o n .  

T h e   f o r c e - v e r s u s - a i r   g 2 p   c h a r a c t e r i s t i c  of t h e s e  

magnets i s  shown i n   F i g u r e  3 . 2 ,  A b e t t e r  method f o r  

c o m p a r i n g   t h e   e f f e c t i v e n e s s  of  e a c h   d e s i g n  i s  t h e  

f o r c e - t o - t o t a l   a s s e m b l y   w e i g h t   r a t i o   v e r s u s   a i r - g a p  

c h a r a c t e r i s  t i c  shown i n   F i g u r e  3 . 3 ,  (10) 

I t  c a n   b e   s e e n   t h a t   d e s i g n s  1 and 4 h a v e   t h e  

l o w e s t   f o r c e   g r a d i e n t   o v e r   t h e   o p e r a t i n g   r a n g e  

( approx ima te ly   f rom 0 t o  .015 of   an   i nch ) ,   However ,  

t h e y   a r e   r u l e d   o u t  a s  d e s i g n   c a n d i d a t e s   d u e   t o   t h e i r  

p o o r   f o r c e - t o - w e i g h t   r a t i o .   D e s i g n s  7 and 2 can  

a l s o  b e   e l i m i n a t e d   d u e   t o  low f o r c e - t o - w e i g h t   r a t i o .  

Des ign  8 has a n   e x c e l l e n t   f o r c e - t o - w e i g h t   r a t i o  a t  

z e r o  gap; however ,  i t s  f o r c e   g r a d i e n t  i s  t h e   h i g h e s t  

of any of '  t h e   d e s i g n s ,   a n d   t h u s  i t s  pe r fo rmance  d r o p s  

o f f   q u i c k l y   w i t h   g a p ,  T h i s  d e s i g n  i s  t h e r e f o r e  elim- 

i n a t e d   a s  a c a n d i d a t e .  
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Figure 3 . 1 
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FORCE CHARACTERISTICS OF 
POTENTIAL bfAGNET DESIGNS 
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Figure 3 . 3  * 

83 



T h i s   l e a v e s   m a g n e t s  3 ,  5 and 6 as p o t e n t i a l  

d e s i g n s .  I t  i s  o b v i o u s   f r o m   F i g u r e  5.3 t h a t   t h e  

o u t s i d e   s h e l l   c e r a m i c   d i s c   m a g n e t   ( d e s i g n  3) i s  

s u p e r i o r   t o   d e s i g n s  5 and 6 t h r o u g h o u t   t h e   o p e r a t i n g  

r a n g e ,   I n   a d d i t i o n ,   t h e   r e q u i r e d   c e i l i n g   t h i c k n e s s  

t o   d e v e l o p  maximum f o r c e  i s  s m a l l e r  f o r  t h i s  d e s i g n  

t h a n   f o r   d e s i g n s  5 and 6 ,  

The i n s i d e   s h e l l   o r i e n t e d   c e r a m i c   d i s c   m a g n e t  

( d e s i g n  5) h a s   t h e   s e c o n d - b e s t   f o r c e - t o - w e i g h t   r a t i o .  

and, d u e   t o  i t s  i d e a l   d i s c   s h a p e ,  w i l l  b e   k e p t  as a 

p r i m e   d e s i g n   c a n d i d a t e ,   T h e   m a i n   d i s a d v a n t a g e  o f  

this d e s i g n  i s  t h a t  i t  r e q u i r e s  a t h i c k e r   c e i l i n g   t o  

deveIop  maximum force t h a n   t h e   o t h e r   t w o ,   D e s i g n  6 

has b e e n   u s e d   s u c c e s s f u l l y   i n   p r o t o t y p e   m a g n e t i c   a i r  

b e a r i n g s ,   b u t  i t s  a v z i l a b i l i t y   i n   d i f f e r e n t   s i z e s  i s  

e x t r e m e l y   l i m i t e d ,   I n   a d d i t i o n ,   t h e   m a g n e t i c   m a t e r i a l  

u sed  i n  t h i s   d e s i g n  i s  A l n i c o  V ,  which   has  a lower  

d e g r e e  o f  l o n g - t e r m   m a g n e t i c   s t a b i l i t y   t h a n   t h e  

o r i e n t e d   c e r a m i c   m a t e r i a l   u s e d   i n   d e s i g n s  3 and 5, 

F o r   t h e s e   r e a s o n s ,   d e s . i g n  6 will n o t  b e  c o n s i d e r e d  

for f u r t h e r   d e s i g n   s t u d i e s ,  
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Oriented  barium  ferrite  ceramic  permanent mag- 

ne.t materials  have  been  selected  as  the  optimum 

material f o r  the  design of the magnetic air bearing. 

Oriented  barium ferrite has the highest  coercive 

force of any of the commercially  available  magnetic 

materials, (I1) This  means that it has a  high resis- 

tance to external  demagnetizing influences. The high 

coercive force  also implies that the  optimum  magnet 

length  will be much  shorier  for this material  than 

for a metallic  magnetic  material  with a lower 

coercive force 

4 

Another  advantage  of  barium  ferrite is that  it 

is considerably  lighter  than metallic,permanent 

magnet materials. It has  a density of approximately 

6 5 %  of Alnico V. The demagnetizatcon  curves for two 

oriented  barium ferrite materials are sholvn in 

Figure 3,4. 

These materials  havc  been  developed by the 

Indiana  General  Corporation  and will hereafter be 
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DEMAGNETIZATION C U R V E S   F O R  
TWO ORIENTED  BARRIUM  FERRITE MATERIALS 

Indox V / 

J I I 

-3000 - 2 0 0 0  -1000  
Magnet iz ing  Force (Oers ted)  

F i g u r e  3 . 4  



r e f e r r e d   t o  by t h e i r   r e s p e c t i v e   t r a d e   n a m e s ,   I n d o x  V 

and Indox V I - A .  T h e   p h y s i c a l   p r o p e r t i e s   f o r   t h e s e  

m a t e r i a l s   a r e   g i v e n   i n   t h e   f o l l o w i n g   t a b l e :  ( 1 2 )  

Indox V Indox V I  - A  
_L - 

C o e r c i v e   f o r c e ,   o e r s t e d  2 200. 3 0 0 0 ,  

R e s i d u a l   i n d u c t i o n ,   g a u s s  3 8 4 0 .  3 300.  

Peak e n e r g y   p r o d u c t ,  
g a u s s - o e r s t e d  3.5 x 1 0 6   2 . 6  x l o 6  

R e v e r s i b l e   p e r m e a b i l i t y  1 . 0 5  1.06  

F i e l d   s t r e n g t h   f o r  
. 

s a t u r a t i o n ,   o e r s t e d  1 0  000, 10 000, 

D e n s i t y ,   p o u n d s   p e r  
c u b i c   i n c h  . 1 8 1  , 1 6 2  

The m a g n e t i c   p r o p e r t i e s   g i v e n   a b o v e   a p p l y   o n l y  

i n  t h e  d i r e c t i o n  of m a t e r i a l   o r i e n t a t i o n .  T h e  mag- 

n e t i c   p r o p e r t i e s  i n   d i r e c t i o n s   o t h e r  t h a n  t h i s  a r e  

a l m o s t   n e g l i g i b l e .   F o r   t h e   d i s c   c e r a m i c   m a g n e t s ,  

t h e  d i r e c t i o n s  of o r i e n t a t i o n   a n d   m a g n e t i z a t i o n   a r e  

p a r a l l e l   t o   t h e   a x i s  of  t h e   d i s c .  

S i n c e   I n d o x  V h a s  a l a r g e r   e n e r g y   p r o d u c t   t h a n  

Indox V I - A ,  i t  h a s   t h e   p o t e n t i a l  o f  d e l i v e r i n g  a 

g r e a t e r   a t t r a c t i v e   f o r c e  t h a n  t h e  same volume of  

Indox V I - A .  
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In  o r d e r   t o   u t i l i z e   t h e  f u l l  p o t e n t i a l  of 

Indox V ,  however ,  it mus t   be   ope ra t ed   above   t he   knee  

jn i t s  d e m a g n e t i z a t i o n   c u r v e .   E x p e r i m e n t a t i o n   h a s  

shown t h a t   I n d o x  V d i s c s   m a g n e t i z e d   b e f o r e   a s s e m b l y  

a r e  below t h i s   k n e e .   T h i s   m e a n s   t h a t  , i f  Indox V i s  t o  

be used t o  i t s  f u l l   p o t e n t i a l ,  i t  mus t   be   magne t i zed  

a f t e r   a s s e m b l y   i n . i t s  s t e e l  s h e l l .  

'On t h e   o t h e r   h a n d ,   e v e n   t h o u g h   I n d o x  V I - A  h a s  

a l o w e r   e n e r g y   p r o d u c t ,  i t  may b e   m a g n e t i z e d   b e f o r e  

a s s e m b l y   w i t h o u t   a n y   l o s s  o f  a v a i l a b l e   e n e r g y .   T h i s  

i s  t r u e   b e c a u s e   I n d o x  V I - A  h a s   t h e   u n u s u a l   c h a r a c -  

t e r i s t i c  t h a t  i t s  r e c o i l   l i n e   c o i n c i d e s   w i t h  i t s  

demagne t i za t . i on   cu rve ,   Indox  V I - A  a l s o   h a s   t h e  

a d v a n t a g e   t h a t  i t  has  a l o w e r   d e n s i t y   t h a n   I n d o x  V. 

T h e s e   m a t e r i a l s  a r e  fo rmed   i n to   magne t s  by 

p res s in .g   ba r ium f e r r i t e  powder u n d e r   h i g h   p r e s s u r e  

i n  a d i e .   T h e   d i r e c t i o n   o f   m a g n e t i c   o r i e n t a t i o n  

c o r r e s p o n d s   t o   t h e   d i r e c t i o n  o f  p r e s s i n g .  The  com- 

p a c t  i s  t h e n   s i n t e r e d .   D u r i n g   t h i s   s i n t e r i n g   p r o c e s s ,  

it s h r i n k s   t o   a p p r o x i m a t e l y  7 / 8  of  i t s  p r e s s e d   s i z e .  

Because o f  t h i s  s h r i n k a g e ,  t h e   s u r f a c e  of  the   magne t  
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i s  n o t   s u i t a b l y   f l a t   t o  be used as  t h e   b e a r i n g  

s u r f a c e .   T h e s e  materials c a n   b e   f i n i s h e d   b y   g r i n d i r , g  

on ly .   Because   o f   manufac tu r ing   l imi t a t ions ,   magne t s  

c n l p l o y i n g   t h e s e   m a t e r i a l s   a r e   l i m i t e d   t o  a maximum 

t h i c k n e s s  of 1 i n c h   a n d  a minimum t h i c k n e s s  of  

approx ima te ly  . 2  i n c h .   I n   a d d i t i o n ,   m a g n e t   d i s c s  

must   have   an   a rea  of a t   l e a s t  2 s q u a r e   i n c h e s .  

The s o f t  s t e e l  a r e a s   e m p l o y e d   i n   t h e  two d e s i g n s  

a r e   u s e d   s i m p l y   a s  a c o n d u c t o r  of  f l u x .  To bc e f f i -  

c i e n t  i n  t h i s   p u r p o s e ,   t h e   s t e e l   p a r t s   m u s t   b e   w o r k e d  

a t   f l u x   d e n s i t i e s   r e a s o n a b l y   b e l o w   t h e   s a t u r a t i o n  

v a l u e  o f  t h e   c h o s e n   m a t e r i a l .   M a g n e t i z a t i o n   c u r v e s  

f o r   t h r e e  common s o f t   f e r r o m a g n e t i c   m a t e r i a l s   a r e  

shown i n   F i g u r e  3.5. Because of  i t s  a v a i l a b i l i t y   a n d ,  

low c o s t ,   m i l d  s t e e l  i s  c h o s e n   f o r   t h i s   d e s i g n .   T h i s  

m a t e r i a l   s a t u r a t e s   a t   a p p r o x i m a t e l y  2 1  0 0 0  g u a s s .  (131 

Mowever, t o   m a i n t a i n   r e a s o n a b l e   e f f i c i e n c y   i n   c o n -  

d u c t i n g   f l u x ,  i t  s h o u l d   n o t  be opera ted   beyond a f l u x  

d e n s i t y  of 1 6  0 0 0  g a u s s .  A t  t h i s   p o i n t ,   t h e   m t t e r i a l  

h a s  a p e r m e a b i l i t y  of  a p p r o x i m a t e l y  2 7 6 .  i n   t h e   c g s  

system. 
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VIRGIN  MAGNETIZATION CURVES 
FOR SOFT NAGNETIC M A T E R I A L S  
“““U ”” 

O r d i n a r y  
T r a n s f o r m e r  

Mild Steel 

C a s t  I ron  

2 0  40 60 80 100 120 
‘ - .  I ~~ ~ ~~ , ~~ - ~. - 

Magne t i z ing  Force ( O e r s t e d s )  

Figure 3 .  S 
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~ u c  t o   t he   comp1ex i t . y  o f  t h e   g e n e r a l   m a g n e t o -  

s t a t i c  boundary   va lue   p rob lem , an   approx ima te  

engineering approach  will b e   t a k e n   f o r   t h e   f o r c e  

ana lys i s  of t he   magne t s  , This   method  depends   on  

s e t t i n g  up a n   a n a l o g y   b e t w e e n   t h e   m a g n e t i c   c i r c u i t  

and  an e l e c t r i c a l   c i r c u i t ,  

T h e r e   a r e   s e v e r a l   1 i m i . t a t i o n s   t o   t h i s   a n a l o g y ,  

.It must b e   a s s u m e d   t h a t   t h e   m a g n e t i c   f l u x ,   l i k e   t h e  

cur ren t  i n  t h e   e l e c t r i c a l   c a s e ,  i s  c o n f i n e d   t o   p a s s  

through e a c h   i n d i v i d u a l   c i r c u i t   c o m p o n e n t ,   F o r   t h e  

e l e c t r i c a l  c i r c u i t ,  t h i s  is a good   a s sumpt ion ,   s ince  

t h e  r a t i o   o f   t h e   m a t e r i a l   c o n d u c t i v i t y   t o   t h e   c o n -  

duc t iv i ty  of a i r  i s  e x t r e m e l y   l a r g e ,   I n   t h e   m a g n e t i c  

c i r c u i t ,  t h e   r a t i o  of t h e   p e r m e a b i l i t y  of a component 

t o  the p e r m e a b i l i t y  of a i r  i s  n o t   a l w a y s   l a r g e ,   T h i s  

means t h a t  some of t h e   m a g n e t i c   f l u x  will bypass  

t h e  Component t h r o u g h   t h e   s u r r o u n d i n g   a i r ,  (14) T h i s  

l i m i t a t i o n  can  be  somewhat  overcome i f  o n e   a n t i c i p a t e s  

the  leakage a n d   a c c o u n t s   f o r  i t s  p r e s e n c e  by a 
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p z r a l l e l   r e s i s t o r .   A n o t h e r   l i m i t a t i o n  t o  t h i s  

a n a l y s i s  i s  t h a t   t h e   f l u x   d e n s i t y   a n d   m a g n e t i z i n g  

fo rce   mus t   be   a s su~ned  t o  b e   c o n s t a n t   a c r o s s   e a c h  

component i n   t h e   m a g n e t i c   c i r c u i t .  

I n  s p i t e  o f   t h e s e  d r a w b a c k s ,   t h i s   m e t h o d   a l l o w s  

the   deve lopment  o f  a parametr ic   model   which  would  be 

a l l   b u t   i m p o s s i b l e   u s i n g  more exac t   me thods .  

S i n c e   t h e   m a g n e t i c   a i r   b e a r i n g   o p e r a t e s   a t  

s m a l l   g a p   w i d t h ,   t h e   f o l l o w i n g   m a g n e t   a n a l y s i s  i s  

i n t e n d e d   t o   b e   v a l i d  f o r  s m a l l   a i r - g a p   w i d t h s   o n l y .  

I n  o t h e r   w o r d s ,   t h e   a i r   g a p  will be  assumed t o  be 

much s m a l l e r   t h a n  any d imens ion  o f  t he   magne t .  
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3,3,1 The N a p e t i c   C i r c u i t  . ."- 

I n   t h i s   a n a l y s i s ]   e a c h  component o f  t h e  mag- 

n e t i c   c i r c u i t  will b e   i n c l u d e d   a s  a lumped  parameter  

e lement .  

B e f o r e   p r o c e e d i n g  w i t h  t h e   f o r c e   a n a l y s i s ]  i t  

is  f i r s t  n e c e s s a r y   t o   d e t e r m i n e   t h e   m a g n e t i c   s t a t e  

of the   permanent   magnet ,   The  term " s t a t e  o f  t h e  

magnet" r e f e r s   t o   t h e   p o i n t  on t h e   d e m a g n e t i z a t i o n  

c u r v e   a t   w h i c h   t h e   m a g n e t   e x i s t s ,  A s c h e m a t i c  

r e p r e s e n t a t i o n  of  a d e m a g n e t i z a t i o n   c u r v e  i s  shown 

below: 
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For t h e   p r e s e n t ,  i t  will be a s s u m e d   t h a t   t h e  

magnet  was n o t   m a g n e t i z e d   w i t h i n  i t s  s h e l l .   D u r i n g  

m a g n e t i z a t i o n ,  a m z g n e t i z i n g   f o r c e   s u f f i c i e n t   t o  

s a t u i a t e  t h e  m a g n e t i c   m a t e r i a l  i s  a p p l i e d .  Upon 

removal o f  t h e   e x t e r n a l   m a g n e t i z i n g   f o r c e ,   t h e   s t a t e  

of t h e   m a g n e t   r e c o i l s  t o  t h e   r e s i d u a l   f l u x   d e n s i t y  B, 

and z e r o   m a g n e t i c   f i e l d   s t r e n g t h   p o i n t ,  I f  t h e  mag- 

ne t   were  now removed   f rom  the   magne t i z ing   dev ice ,  

t h e   s t a t e   o f   t h e   m a g n e t   w o u l d   r e c o i l  s t i l l  f u r t h e r  

t o  some p o i n t   o n   t h e   d e m a g n e t i z a t i o n   c u r v e .   T h i s  

phenomenon i s  s a i d   t o   o c c u r   b e c a u s e   o f   t h e   m a g n e t ' s  

s e l f - d e m a g n e t i z a t i o n .  The   degree  o f  r e c o i l   w o u l d  

d e p e n d   o n   t h e   m a g n e t ' s   g e o m e t r y   p r o v i d e d   t h a t   t h e r e  

were no o t h e r   f e r r o m a g n e t i c   m a t e r i a l s   i n   t h e   v i c i n i t y .  
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3 , 3 J  ""d. E l e c t r i c a l   A n a l o g y  " 

To g i v e   m a t h e m a t i c a l  b a s i s  t o   t h e   p r e c e d i n g  

d i s c u s s i o n   a n d   t o   d e v e l o p   t h e   e l e c t r i c a l   a n a l o g y ,  

consider t h e  f o l l o w i n g  m a g n e t i c   c i r c u i t :  

The c r o s s - s e c t i o n a l  a r e a  of t h i s  magnet is s e t  

at a c o n s t a n t   v a l u e  of  A,. I t  w i l l  be  assumed t h a t  

l e a k a g e   e x t e r n a l   t o   t h e   a i r   g a p  Lg is. n e g l i g i b l e ,  

T h i s  i s  a good a s sumpt ion  if t h e   a i r  gap i s  s m a l l e r  

t h a n  any   d imens ion   o f   t he   magne t i c  c i r c u i t ,  

I f  t h e   a i r  gap i s  s e t   a t   z e r o ,  and   the   magnet  

jS b r o u g h t  up t h e  s a t u r a . t j . o n   p o i n t  w i t h  a n   e x t e r n a l  

magne t i z ing  f o r c e ,  and t h i s  m a g n e t i z i n g   f o r c e  i s  t h e n  
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released; the  flux  density in  the  circuit  will  be 

equal  to  the  residual flux density of the  material 

Br Now, taking  some  small gap into  account,  the 

scalar magnetic  potential  around  this  circuit is 

zero since  the  path  does  not pass Through any 

current l o o p s .  

Assuming that the  magnetizing  force .is constant 

in the  magnet  and  the  air  gap,  upon  integration, we 

obtain 

or 

We also know that  in the air gap 

97 



Now c o m b i n i n g   k q u a t i o n s  (3,1), ( 3 . 2 )  and ( 3 , 3 ) ,  

The s i m u l t a n e o u s   s o l u t i o n  of t h e   s h e a r i n g   l i n e  

and t h e  n a g n e t   d e m a g n e t i z a t i o n   c u r v e   g i v e s   t h e  mag- 

n e t i c   s t a t e  o f  t h e   m a g n e t .  

The term i n   t h e   b r a c k e t s   i n   E q u a t i o n  ( 3 . 4 )  i s  

kno-dn a s  t he   gap   pe rmeance   and  i s  a n a l o g o u s   t o   c o n -  

d u c t a n c e   o r   t h e   r e c i p r o c a l  of r e s i s t a n c e   i n   a n  

e l e c t r i c a l   . c i r c u i t .  

Rg i s  c a l l e d   t h e   r e l u c t a n c e  o f  t h e   g a p .  Now, 

if t h e  pap r e l u c t a n c c  i s  d e c r e a s e d ,   t h e   s t a t e  of t h e  

magnet w i l l  p r o c e e d   t o  some p o i n t   o n   t h e   m a g n e t  

r e c o i l  l i n e ,   T h i s  i s  shown i n   t h e   f o l l o w i n g   f i g u r e :  
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Demagnc’ization  Curve 

The  equation of the  recoil  line  can  be  written 

Kritten  in  terms of the electrical  analogy,  this 
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equation c 2 n  be e x p r e s s e d  

w h e r e   t h e   f l u x  I, i s  a n z l o g o u s   t o   c u r r e n t ,   a n d  V,, 

t h e  s c e l z r   m a g n e t i c   p o t e n t i a l ,  i s  a n a l o g o u s   t o   v o l t a g e  

i n   t h e   e l e c t r i c a l   c a s e ,   T h e s e   t e r m s  have t n e  fol- 

l o w i n g   r e l e t i o n s h i p s   t o   t h e   m a g n e t i c   p a r a m e t e r s :  

To f i n d   t h e  new s t a t e  of  t h e   m a g n e t  on t h e   r e -  
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where Lg' is the new gap, The same result c o u l d  

have b e e n  o b t a i n e d  by c o n s i d e r i n g  t h e  f o l l o w i n g  

simple  circuit: 

R Q  
.- 

For t h i s  c i r c u i t  

VQrsl 

Rm 

Therefore , .  once t h e  magnet  is on a r e c o i l  1 i7 .2 ,  

it has the f o l l o w i n g  model: 
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V i r g i n  

Curve 
1\5‘ M a g n e t i z a t i o n  

w .M 

If a p i e c e - o f   s t e c l  i s  magne t i zed  f o r  t h e  first 

t ime ,  it will t r a v e l  up t h e  v i r g i n  m a g n e t i z a t i o n  

Curve t o ,  say,  p o i n t  a ,  Now i f  t h e  m a g n e t i z i n g   f o r c e  

is d e c r e a s e c i ,   t h e   s t a t e  of  t h e  s t e e l  will move down 

t h e   s t e e l   r e c o i l   l i n e .  The i n t e r s e c t i o n  o f  t h i s  

l i n e   w i t h  the H, a x i s  will be known as Hose 

103 



While on the  virgin  magnetization  curve,  the 

Once on the  recoil  line,  the  steel  has  the 

following  electrical  model: 

where R,, and Rs, are  the  virgin  and  recoil  reluc- 

tances  respectively. of the  steel;  and  the  following 

relationships  hold by definition: 
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C o n s i d e r  a volume o f  m a g n e t i c   m a t e r i a l   p l a c e d  

in a m a g n e t i c   f i e l d .   I f  i t  i s  a s s u m e d   t h a t   t h e   f l u x  

d e n s i t y   a n d   t h e   f i e l d   i n t e n s i t y   v e c t o r s   a r e   p a r a l l e l ,  

we c a n   w r i t e   t h e   e x p r e s s i o n   f o r   t h e   c h a n g e   e n e r g y  

s t o r e d ' i n   t h e   v o l u m e   d u e   t o  a c h a n g e   i n   f l u x   d e n s i t y .  

I f  we a s s u m e   t h a t  H and B a r e   c o n s t a n t   t h r o u g h -  

o u t   t h e   v o l u m e ,   t h e   e n e r g y   e x p r e s s i o n   s i m p l i f i e s  t o  

Now imagine  a genera-1-  magnet  which i s  b r o u g h t  

i n t o  c o n t a c t   w i ' t h  a v i ' r g i n   s t e e l   p l ' a t e .   I n   t h e  

p r o c e s s   o f   b r i n g i n g   t h e   m a g n e t   i n t o   c o n t a c t   w i t h   t h e  

p l a t e ,   t h e   m a g n e t   s t a t e  w i l l  advance   a long  i t s  r e c o i l  

P i n e   t o w a r d ' t h e   p o i n t   o f  z e r o  m a g n e t i c   f i e l d   s t r e n g t h .  

C o n c u r r e n t l y ,   t h e   s t a t e  of t h e   s t e e l -  will be  moving 

up i t s  v i r g i n   m a g n e t i z a t i o n   c h a r a c t e r i s t i c ,   . T h i s  

is shown s c h e m a t i c a l l y   i n   t h e   f o l l o w i n g   f i g u r e   a s  

motion o'f t h e   m a g n e t i c   s t a t e  oE b o t h   m a t e r i a l s  f rom 

p o i n t s  0 t o  1. 
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Magne t 
bemagne t i za t . i on  / Magnet 
bemagne t i za t . i on  
Curvc 

kIa  ,011 c t 
R e c o i l  
L ine  

- " 

i 
\ 

S t e e l  
R e c o i l  
L ine  

\ 
V i r g i n  
M a g n e t i z a t i o n  

S t e e l  
/ f  Curve of / 

A t  p o i n t  1, the   magne t  i s  i n   c o n t a c t   w i t h   t h e  

s t e e l ,  We s h a l l   d e f i n e   t h i s   p o i n t  a s  t h e   e n e r g y  

datum o r  z e r o   e n e r g y  s t a t e .  h'hen t h e   m a g n e t  i s  

r e t r a c t e d  some d i s t a n c e  a w a y   f r o m   t h e   s t e e l ,   t h e  

s t a t e   o f   t h e   s t e e l   a n d   m a g n e t  will move down t h e i r  

r e s p e c t i v e   r e c o i l  l i n e s  from p o i n t s  1. The energy 

c h a n g e   i n   t h e   m a g n e t  i s  g i v e n   t h e n  by 
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a n d   s i m i l a r l y ,  the e n e r g y   c h a n g e   i n   t h e  s t e e l  i s  

The i n t e g r a l s   t h e m s e l v e s   r e p r e s e n t  a c h a n g e   i n  

e n e r g y   d e n s i t y   w i t h   t h e   m a t e r i a l s   a n d   a r e  shown 

g r a p h i c a l l y  as a r e a s   o n   t h e  B-I1 p l a n e ,  
(3 

I t  s h o u l d   b e   n o t e d   t h a t   d u r i n g   t h i s   t r a n s i t i o n  

t h e   m a g n e t   g a i n e d   e n e r g y ,   w h e r e a s   t h e  s t e e l  l o s t  
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e n e r g y .   U s i n g   t h e   e q u a t i o n s  of t he   mzgne t   and  s t e e l  

r e c o i l   l i n e s ,   t h e s e  two energy   components   can  be 

. w r i t t e n  

In  terms of t h e   e l e c t r i c a l   c i r c u i t   a n a l o g y ,  

t hese   ene rgy   componen t s   can   be   expres sed  

I n  a g e n e r a l   m a g n e t i c   c i r c u i t ,   e n e r g y  i s  a l s o  

s t o r e d   i n   s u r r o u n d i n g   s p a c e   a n d  i n  t h e   a i r   g a p ,  The 

f l u x  p a s s i n g   t h r o u g h   t h i s   s p a c e  w i l l  b e  known as t h e  

l e a k a g e  f l u x ,  T h e   e n e r g y   s t o r e d  i n  t h i s   l e a k a g e  i s  

g iven   by :  

(3 .10)  
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T h e   e n e r g y   s t o r e d  in t h e   a i r   g a p   c a n   b e   w r i t t e n  

T h e r e f o r e ,   t h e   t o t a l  change i n   t h e   e n e r g y   o f  

t h e  m a g n e t i c  system i n   t h e   t r a n s i t i o n  f r o m  1 t o  some 

o t h e r   p o i n t  i s  g iven   by  

E =  E , + E ,  + +Ea ( 3 . 1 2 )  

T h i s   n e t   i n c r e a s e   i n   s t o r e d   e n e r g y   i n   t h e  mag- 

n e t i c   s y s t e m  i s  a c t u a l l y   c o m i n g   f r o m   a n   e x t e r n a l l y  

a p p l i e d   f o r c e   w h i c h  i s  a c t i n g  t o  i n c r e a s e   t h e   a i r  

g a p .   T h e   f o r c e   c a n   b e   r e l a t e d   t o   t h e   m a g n e t i c   e n e r g y  

t h r o u g h   t h e   f o l l o w i n g   r e l a t i o n s h i p :  

or 

T h e r e f o r e ,   t h e   f o r c e   d e v e l o p e d   b y   t h e   m a g n e t   c a n  

be c a l c u l a t e d  by t a k i n g   t h e   p z r t i a l   d e r i v a t i v e  o f  t h e  

Change i n   e n e r g y   f r o m   t h e   z e r c   g a p   p o i n t   w i t h   r e s p e c t  

t o  gap,  

109 



3 , 3 , 4  M a g n e t i c   R e l u c t a n c e  """.- 

T h e   d e C i r , i t i o n  o f  r e l u c t a n c e   i n  a m a g n e t i c  

sys tem is  t h e   r a t i o  o f  t h e  m a g n e t i c   p o t e n t i a l   a c r o s s  

two e ' q u i p o t e s r i a l   s u r f a c e s  t o  t h e   t o t a l   f l u x   p a s s i n g  

t h r o u g h   t h o s e   s u r f a c e s .   T h e   m e t h o d   t a k e n   i n   t h i s  

a n a l y s i s  i s  t o  b r e a k   t h e   m a g n e t i c   s y s t e m   i n t o   s i m p l e  

t h r e e - d i m e n s i o n a l   s h a p e s   a n d   t h e n   e s t i m a t e   t h e  

p r o b a b l e  p a t h  t h a t   t h e  flux w i l l  t a k e .  I n  s e v e r a l  

cases,  t h e   e x p r e s s i o n s  f o r  r e l u c t a n c e   d e r i v e d   u s i n g  

t h i s   m e t h o d  >.-ill b e   n o t h i n g   m o r e   t h a n   e n g i n e e r i n g  

e s t i m a t e s .   T h i s   a p p r o a c h  i s  common i n   t h i s   f i e l d  

and i t  i s  f e l t  t h a t  a m o r e   e x a c t   a n a l y s i s   w o u l d   b e  

i n c o n s i s t e n t   w i t h   o t h e r   p a r t s  o f  t he   l umped   pa rame te r  

a n a l y s i s .  T h i s  method is c o m p a r a b l e   i n   a c c u r a c y  t o  

f lux -  p l o t t i n g  f o r  t w o - d i m e n s i o n a l   s y s t e m s .  (151 

S i n c e   t h e   r e l u c t a n c e s   f o r   b o t h   t h e   o u t s i d e   a n d  

i n s i d e  shell m a g n e t   d e s i g n s  will b e   d e r i v e d   s i m u l -  

t a n e o u s l y ,   t h e   g e o m e t r i e s  of b o t h   d e s i g n s   a r e  

d e f i n e d  ir. F i g u r e  3 .6 .  I n   t h e   f o l l o w i n g   d i s c u s s i o n  

t h e   o u t s i d e   s h e l l   m a g n e t  will b e   r e f e r r e d   t o   a s  

Design A a n d  t h e   i n s i d e   s h e l l   m a g n e t   a s   D e s i g n  B ,  

110 



GEOFIETRY OF INSIDE AND @UT~STDE StIELL MAGHET DESIGMS "" ":*- " P  ""." ""u_ - 

1' 
h 
I Gap 1 Gap 2 

Outside  Shell (Design d A) 

J, 
""r - 

Ceiling 
T-"="---- " 

/p' 
Gap 1 Gap 2 

]+a-  

" C 
"+ I 

I I 

I n s i d e  S h e l l  ( D e s i g n  B) 
""""."""-," 

Figure- 3.6 

111 



Air Gap R e l u c t a n c e  - "_D 

C o n s i d e r   a n   a n n u l a r   s u r f a c e   p l a c e d   a t  some 

small d i s t a n c e   a n d   p , a r a l l e l   t o   a n   i n f i n i t e   p l a n e ,  

The f l u x   p a t h s   a r e   a s s u m e d   t o  be p e r p e n d i c u l a r   t o  

t h e s e   s u r f a c e s   a n d   f r i n g e   e f f e c t s   a r e   n e g l e c t e d .  

T h i s   s i t u a t i o n  i s  shown i n  two d imens ions   be low:  

For  a u n i f o r m   f i e l d ,   t h e   f l u x   p a s s i n g   t h r o u g h  

t h e s e   s u r f a c e s  i s  g iven   by  

T h e   m a g n e t i c   p o t e n t i a l   b e t w e e n   t h e s e   s u r f a c e s  
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is 

T h e r e f o r e ,  the r e l u c t a n c e  o f  t h e  r e g i o n   c a n   b e  

expres sed  

Then f o r   D e s i g n  A the r e l u c t a n c e s  o f  b o t h   a i r  

gaps a r e   g i v e n  by 

and f o r   D e s i g n  B 

(3.16) 
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L Leakage  Reluctance 
””_” 

I t  i s  d e s i r e d   t o   c a l c u l a t e   t h e   r e l u c t a n c e  o f  

t h e   c y l i n d r i c a l   v o l u m e s   b e t w e e n   t h e   s h e l l   a n d   t h e  

magnet i n   e i t h e r  of  t h e   m a g n e t   d e s i g n s .  I t  i s  

assumed t h a t   t h e   f l u x   p a t h s  a r e  p u r e l y   r a d i a l   a n d  

t h a t   t h e r e  i s  n o   p o t e n t i a l   d r o p   a l o n g   t h e   b o u n d i n g  

l e n g t h  of t h e   s t e e l   s h e l l ,  

The p o t e n t i a l   i n c r e a s e   t h r o u g h   t h e   m a g n e t   c a n  

b e   w r i t t e n  

The r e l u c t a n c e  o f  an   e l emen ta l   annu la r   vo lume  

of  d e p t h  dx f o r  Des ign  B i s  

The e Iementa1   permeance   then  i s  g i v e n  by 

Then v;e know t h a t  
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or 

The t o t a l  f l u x  i s  

..- or 

The t o t a l  p o t e n t i a l  d r o p  a c r o s s   t h e   m a g n e t  i s  
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and f o r  Des ign  A 

R L  - D 

( 3  20) 

Desicn A S h e l l   R e l u c t a n c e  
."-A " 

The s t e e l  shell i s  s u b d i v i d e d   i n t o  f o u r  volumes 

t o  s i m p l i f y   c a l c u l a t i o n s ,   T h i s  i s  shown i n  t h e  

f i g u r e  below: 

The  problem i s  t o  de t e rmine   an   approx ima te  

v a l u e  f o r  t h e  r e l u c t a n c e   b e t x e e n   t h e  two e q u i p o t e n t i a l  

s u r f a c e s   d e s i g n a t e d  by t h e   d o u b l e   l i n e s ,  
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If o n e   c o n s i d e r s   r e g i o n  1 a l o n e   a n d   f o r c e s   t h e  

c y l i n d i r c a l   a r e a  betv;ecn  region 1 a n d   r e g i o n  2 t o  

becone an  e q u i p o t e n t i a l   s u r f a c e ,   t h e   r e s u l t  w i l l  y i e l d  

i n f i n i t e   f l u x   d e n s i t y   a t   t h e   i n t e r s e c t i o n   o f   t h e  

e q u i p o t e n t i a l   s u r f a c e s  a n d  z e r o   r e l u c t a n c e .   A c t u a l l y ,  

t h i s  i s  n o t  t h e   c a s e ;   a n d   t h i s  problem arises b e c a u s e  

the volume  was a r b i t r a r i l y   s u b d i v i d e d .  When p r o b l e m  

l i k e   t h i s   a r i s e ,   t h e   g e n e r a l  p l a n  o f  a t t a c h  will be 

t o   e s t i m a t e   t h e  mean f l u x   p a t h   a n d   t h e  mean a r e a  o f  

t h e   Z l u x   t u b e   a n d   t h e n   c a l c u l a t e   t h e   r e l u c t a n c e  o f  

t h e  volume b y   u s i n g   t h e   f o l l o w i n g   e q u a t i o n : ( 1 5 )  

Us ing   t he   above -men t ioned   me thod   and   o the r s  

s i m i l a r  t o  ones p r e v i o u s l y   d e v e l o p e d   i n   t h i s  sec-  

t i o n ,   t h e  f o l l o w i n g  a p p r o x i m a t e   e q u a t i o n s   a r e  ob-  

t a i n e d  f o r  t h e  subdiv ided   vo lumes  o f  t h e   s h e l l :  
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The  t o t a l   r e l u c t a n c e  o f  t h e   s h e l l  i s  t h e n  

s imply   g iven  by 

( 3 . 2 5 )  

P r o v i d e d   t h a t  t h e  s t e e l   p a r t s   a r e   n o t   t o o   n e a r  

s a t u r a t i o n , ,   t h e   p e r m e a b i l i t y  of  t h e   s t e e l  w i l l  be 

much g r e a t e r   t h a n  t h a t  o f  a i r  and   t he   magne t .   Th i s  

means t h a t   t h e   r e l u c t a n c e  o f  t h e   s t e e l  p a r t s  will b e  

c o n s i d e r a b l y   l o w e r   t h a n   t h e   r e l u c t a n c e s  o f  o t h e r  

components i n  t h e   m a g n e t i c   c i r c u i t .   T h e r e f o r e ,  

e r r o r s   i n c u r r e d   i n   e s t i m a t i n g   r e l u c t a n c e s   i n   t h e  

s t e e l  p a r t s   s h o u l d   n o t   h a v e   t o o   g r e a t   a n   e f f e c t  on 

t h e  r e s u l t i n g   t h e o r e t i c a l   f o r c e   c h a r a c t e r i s t i c .  

Desiqn B S h e l l   F e l u c t a n c e  -,:~"""-~.~"-.--~."." 

The method  employed f o r   d e t e r m i n i n g   t h e   r e l u c t a n c e  



of the s h e l l  of t h e   i n s i d e   s h e l l   d e s i g n  i s  t h e  same 

a s  t h a t  u s e d  f o r  t h e   o u t s i d e  s h e l l .  The  Design B 

s h e l l  i s  shown s u b d i v i d e d  i n t o  f o u r  r e g i o n s  i n  t h e  

f o l l o w i n g   f i g u r c :  

A g a i n ,   t h e  two e q u i p o t e n t i a l  s u r f a c e s  a r e  

d e s i g n a t e d  b y  t h e  p a r a l l e l  l i n e s ,  The  approx ima te  

r e l u c t a n c e s  f o r  t hese   vo lumes  a r e  g i v e n  by 
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Then, the t o t a l  r e l u c t a n c e  o f  t h i s   s h e l l  i s  

simply t h e  sum of t h e s e  c o m p o n e n t   r e l u c t a n c e s .  

Ceiling Reluc tance  f o r  D e s i g n  A "."""~-"""~""~_-." 

( 3 . 2 9 )  

T.he. f . i g u r e  be low s h o w s   t h e   c e i l i n g  f o r  

o.uts.i'de s h e l l  magnet  design, 

""" "" 6 
I r--\ 

( T , / 3 1 a ;  
""-."_" I I I I I 

I 
I 

I I 
"" 

t h e  

Q -.- -""" 
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The v o l u ~ n e s   c o n s i d e r e d   f o r   t h i s   d e r i v a t i o n  a re  

t h o s e  i n   t h e   i m m e d i a t e   p r o x i m i t y  o f  t h e  magnet ,  The 

assumed e q u i p o t e n t i a l   s u r f a c e s   a r e   d e s i g n a t e d  by t h e  

d o u b l e   l i n e s ,   U s i n g   p r e v i o u s l y   d e v e l o p e d   m e t h o d s ,  

t h e  fol1ot : ing r e l . u c t a n c e s   a r e   d e r i v e d  for t h e   r e s p e c -  

t i v e   v o l u m e s :  

R n  = ( 3  31) 

T h e   t o t a l   r e l u c t a n c e   f o r   t h e   c e i l i n g   w i t h   t h e  

o u t s i d e   s h e l l   d e s i g n  i s  

( 3 . 3 3 )  
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T h e   f o l l o w i n g   f i g u r e   s h o w s   t h e   s u b d i v i s i o n  o f  

t h e   c e i l i n g   i n   t h e   i m m e d i a t e   v i c i n i t y  o f  t h e  i n s i d e  

shell magne t   des ign :  

T h e  e q u i p o t e n t i a l   s u r f a c e s  a re  shown i n  t h i s  

f i g u r e  by  d o u b l e   l i n e s ,   T h e   a p p r o x i m a t e   c e i l i n g  

r e I u c t a n c e s  f o r  t h e   i n s i d e   s h e l l   d e s i g n  a re  g i v e n  by 
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" 

( 3  . 35) 

T h e n ,   t h e   t o t a l   c e i l i n g   r e l u c t a n c e  f o r  t h i s  

d e s i g n  i s  s i m p l y  g i v e n   b y   t h e  sum of   the   component  

r e l u c t a n c e s .  

~ . " "  0 en C i r c u i t   R e l u c t a n c e  

If Indox V i s  u s e d   i n  a magnet   which  has   been 

magnet ized  with t h e   s h e l l   i n  p l ? c e ,  i t  i s  n e c e s s a r y   t o  

d e t e r m i n e   t h e   o p e n   c i r c u i t 1   s t a t e  of  t h e   m a g n e t   b e f o r e  

t h e   f o r c e   c h a r a c t e r i s t i c   c a n   b e   c a l c u l a . t e d ,   T h i s  i s  

n o t   t h e   c a s e  for a m a t e r i a l   s u c h  a s  Indox V I - A  

because  t h e  d e m a g n e t i z a t i o n   c u r v e  and r e c o i l   l i n e s  

a re  a l w a y s   c o i n c i d e n t  . 
lThe  p h r a s e  "open c i r c u i t "   i m p l i e s   t h a t   t h e  

magnet i s  f a r  fron!  any o t h e r   f e r r o m a g n e t i c   m a t e r i a l s .  
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B e f o r e   t h e  open c i r c u i t  n!agnet s t a t e  can be 

d e t e r m i n e d ,  i t  i s  f i r s t  n e c e s s a r y   t o   d e v e l o p  a model 

f o r   t h e   r e l u c t a n c e   e x t e r i o r  t.o t h e  magnet when t h e  

magnet i s  p l aced  f a r   f r o m  a l l  o t h e r   f e r r o m a g n e t i c  

m a t e r i a l s ,  

The o u t s i d e  s h e l l  d e s i g n  will b e   c o n s i d e r e d  

f i r s t ,  The   assumed  f lux   envelope  i s  shown below:(16) 

Looking a t  t h e   e l e m e n t a l  f l u s  t u b e ,   t h e  equation 

o f  t h e  outside c i . r c l e  is given by 

and,  f o r  t h e   i n s i d e   c i r c l e ,  
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e2 can be neglected  in comparison- to RO2 and R i  2 . 
The e q u a t l o n s .  for the outside and inside  radii 

reduce to 

Pa = e C O S  0 +*Ra 

The cross-sectional area oE the flux tube  is 

.given by 

or 



The mean area  o f  t h e  t u b e   c a n   t h e n  be  w r i t t e n  

T h e   f o l l o w i n g   r e l a t i o n   b e t w e e n h  1 and A 2 must. 

h o l d  f o r   g e o m e t r i c   c o r n p a t a b i l i t y  

I n  a d d i t i o n ,   f r o m   t h e   f i g u r e   a b o v e ,  i t  can  be 

and 

After some m a n i p u l a t i o n  o f  terms,. t h e   f ’ o l l o w i n g  

e x p r e s s i o n   c a n   b e   o b t a i n e d   f o r   t h e  mean a r e a  i n  terms 
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o r  

where 
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The  permeance of t h i s   s p a c e   c a n   t h e n   b e   w r i t t e n  

P = y o  I" " d A  
oi L 

Upon c o m p l e t i n g   t h e   i n t e g r a t i o n ,   t h e   f o l l o w i n g  

e x p r e s s i o n   f o r   t h e   p e r m e a n c e  i s  o b t a i n e d .  

T h e   a p p r o x i m a t e   r e l u c t a n c e  o f  t h i s   s p a c e .  i s  

t h e n   t h e   r e c i p r o c a l  of t he   pe rmeance .  The  t o t a l  

o p e n   c i r c u i t   r e l u c t a n c e  f o r  Design A is t h e   r e l u c t a n c e  

just d e r i v e d   i n   p a r a l l e l   w i t h   t h e   r e l u c t a n c e   b e t w e e n  

t h e  shel.3. a n d   t h e   m a g n e t   g i v e n   i n   E q u a t i o n  (3 .20 )  

Us ing  a s i m i l . a r  a n a l y s i s ,  t h e   o p e n  c i r c u i t  

permeance f o r  t h e   i n s i d e   s h e l l   m a g n e t   d e s i g n  i s  
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g iven  by 

' ( 3 , 3 8 1  
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T h e   f l u x   d e n s i t y   d i s t r i b u t i o n   ' i n   t h e  s t e e l  

p a r t s  will be d e t e r m i n e d   u s i n g .  a one -d imens iona l  

model f o r   t h e  case when the   magnc t  is i n   c o x t a c t  

w i t h  t h e   c e j . l i n g .  I t  i s  a t  t h i s  zei.0 g a p   p o i n t  

t h a t   t h e  s t e e l  has  maxinmm f l u x   d e n s i t y .   I n   t h e  

m a g n e t   d e s i g n . ,   t h e   t h i c k n e s s e s ,  o f  t h e   s t e e l   s h e l l .  

and c e i l i n g  will be: s e t  s o  t h a t  the.maximun1 f l u x  

d e n s i t y   i n   t h e s e   p a r t s  i s  . sonewhere   be low  the  

s a t u r a t i o n  value f o r  t h e   m a t e r i a l ,  

The b a s i s  o f  t h e   f o l l o w i n g   d e r i v a t i o n  i s  t h e  

a s s u m p t i o n   t h a t   t h e  ceramic d i s c  n ~ a g n e t  emits a 

c o n s t a n t  f l u x  d e n s i t y  over t h e  two a n n u l a r   s u r f a c e s  

i n  c o n t a c t   w i t h   t h e   s h e l l  and c e i l i n g  when the   magne t  

i s  a t  zero gap. This assumpt ion  i s  a good  one p r o -  

v ided  t h a t   t h e   s t e e l  i s  n o t   s a t u r a t e d   a n d  s t i l l  h a s  

a r e a s o n a b l y  h i g h  p e r m e a b i l i t y .  

For  t h e   c a s e  i n  p o i n t ,   t h e   p e r m e a b i l i t y  of t h e  

magnet ,   which i s  e s s e n t i a l l y   t h e  sane as  f r e e   s p a c e ,  



will be v e r y  much s m a l l e r   t h a n   t h a t  of t h e   s t e e l .  

T h i s  means t h a t ,   e v e n   t h o u g h   t h e   l e n g t h s   o f   t h e   f l u x  

p a t h s  will v a r y   f r o m   t h e   i n s i d . c   t o   t h e   o u t s i d e   r a d i u s  

of t h e   m a g n e t ,   t h e   f l u x   d e n s i t y   e m i t t e d  by the   magne t  

w i l l  b e   r e l a t i v e l y   i n s e n s i t i v e   t o   t h e s e   v a r i a t i o n s .  

I n  o t h e r   w o r d s ,   d u e   t o   t h e  low m a g n e t   p e r m e a b i l i t y  

and h i g h   s t e e l   p e r m e a b i l i t y ,   t h e   m a g n e t  l o o k s  l i k e  

a s o u r c e  o f  c o n s t a n t   f l u x .  

Design A -.- 

C o n s i d e r   t h e   o u t s i - d e   s h e l l   d e s i g n  shown i n  

F i g u r e  3 . 6 .  The f l u x   e m i t t e d  by the  magnet  can  be 

w r i t t e n  

o r  

( 3 . 3 9 )  

where Bm i s  t h e   f l u x ,   d e n s i t y  011 t , h e   m a g n e t   r e c o i l  

l i n e   a t  zero f i e l d   s t r e n g t h ,  
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The mean f l u x  d e n s i t y  i n  t h e  i r o n  i s  g i v e n  by 

t h e  f o l l o w i n g   e q u a t i o n s  for a c o n s t a n t  TI: 

and 

T h i s   f l u x   d e n s i t y   d i s t r i b u t i o n  i s  S ~ O W ' ~  

g r a p h i c a l l y  i n  F i g u r e  3 ; 7 .  

It. c a n  be s e e n  from t h i s   F i g u r e   t h a t   t h e  maximum 

f l u x  d e n s i t y   o c c u r s  a t  r = b a n d   h a s   t h e   v a l u e  

T h e  f l u x   d e n s i t y   i n   t h i s   p o r t i o n  of t h e   s h e l l  

c a n   b e   h e l d   a t  a t h e o r e t i c a l   c o n s t a n t   v a l u e  by 

t a p e r i n g  t h e  th ickness  of  t h e  s h e l l  i n  a c c o r d a n c e  

w i t h   E q u a t i o n s  ( 3 . 4 0 )  and ( 3 . 4 1 ) .  However, t h i s  
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The f l u x  d e n s i t y  i n  t h e  c y l i n d r i c a l   p o r t i o n  o f  

t h e   s h e l l  is 

( 3 . 4 3 )  

The f l u x   d e n s i t y  i n  t h e   c e i l i n g  i s  g i v e n  by 

The maximum f l u x  density i n  t h e  c e i l i n g  is 
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The geornetry of t h e   i n s i d e  s h e l l  is  shown i n  

Figure  3 . 6 ,  A g a i n   a s s u m i n g   t h a t   t h e   m a g n e t  i s  a 

source of c o n s t a n t   f l u x   a c r o s s  i t s  s u r f a c e ,  t h e  flux 

a t  any s e c t i o n  o f  t h e   s h e l l   f o r  b r 5 c i s  g i v e n  

(3'. 4 7 1  

The mean f l u x  d e n s i t y   a c r o s s   t h e   t h i c k n e s s  of  

the  s h e l l  betv:ecn these  r a d i i   c a n   b e   w r i t t e n  

S i n c e   n o  new f l u x  i s  b e i n g   i n t r o d u c e d   i n t o   t h e  

s h e l l   b e t \ s e e n   r a d i i  b and a ,  t h e  mean f l u x   d e n s i t y  

a c r o s s  a n y   s c c t i o n   t h e r e  i s  

The r a d i a l  f l u x   d i s t r i b u t i o n   g i v e n  by E q u a t i o n s  

13 5 



(3 .48 )  and ( 3 ' 4 9 )  is  shown in F i g u r e  3 . 8  f o r   c o n s t a n t  

TI 

I t  c a n   b e   s e e n   f r o m   t h i s   F i g u r e   t h a t   t h e   m a x i -  

mum r a d i a l   f l u s   d e n s i t y   f o r   c o n s t a n t  TI o c c u r s   a t  

t h e  r a d i u s  a and has  t h e   v a l u e  

S i n c e   t h e  maximum f l u x   d e n s i t y  f o r  t h e   i n s i d e  

s h e l l   d e s i g n  does o c c u r   a t   t h e   r a d i u s  a ,  i t  i s  

d c s i r a b l e   t o  taDer t h e   s h e l l   f r o m  a maximum t h i c k n e s s  

a t   t h a t   p o i n t  t o  a minimum t h i c k n e s s   a t  c .  By do ing  

t h i s ,  one can c o n s e r v e   w e i g h t  p l u s  h a v e   t h e   t h i c k e s t  

p a r t  o f  t h e   s h e l l   i n   t h e   c e n t e r   w h e r e   t h e   a i r   f i t t i n g  

must be i n s t a l X e d   a n d   t h e   e x t e r n a l  l o a d  a p p l i e d .  

F o r   t h e   o u t s i d e   s h e l l   d e s i g n ,   t a p e r i n g  was not   recom- 

mended f o r  s t r u c t u r a l   r e a s o n s .   H o w e v e r ,   f o r   t h e  

i n s i d e   s h e l l ,  i t  may b e   t a p e r e d   y i e l d i n g  a s x r u c -  

t u r a l l y  sound a n d   l i g h t e r   d e s i g n .  

P r o t o t y p e   i n s i d e   s h e l l s  were d e s i g n e d   t o   h a v e  

a s t r a i g h t  t a p e r   f r o m  a t o  c .  One o f  t h e s e  i s  shown 
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I t  

The thickness of t h i s  s h e l l  i s  g i v e n  by t h e  

f o l l o w i n g  equation: 

The f l u x  d e n s i t y   d i s t r i b u t i o n  i n  t h e  s h e l l  i s  

t h e n  m o d i f i e d  as  f o l l o w s :  
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T h e  m o d i f i e d   r a d i a l  f l u x  d e n s i t y   d i s t r i b u t i o n  

u u e  t.0 this tai:er i s  a l s o   s h a v n  i n   F i g u r e  3 . 8 .  

THa maximum f l u x  d e n s i t y  is still a t   t h e  

r a d i u s  a,. However, t h e  z e s t  af the m a t e r i a l  i n  t h e  

d i e l 1  k g  be ing   worked  a t  a h i g h e r  f l u x  d e n s i t y  

t h e r e b y   e c o n o m i z i n g   o n  weight, 

? 

lin the c y I i n d r i c a 1   p o r t 5 o . n  o f  t he  s h e l l ,  the 

mean 5Iux d e n s i t y   p a r a l l e l  t o  t h e  axis of the magnet 

is 

139 



The radial f l u x  d e n s i t y   d i s t r i b u t i o n  i n  t h e  

ceiling fo-r t he  i n s i d e   s h e . 1 1  d e s i g n  i s  g i v e n  by 

The maxi-mum f l u x  d e n s i t y  in t h e  ceiling  is 

a-gain a t  a .  
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T h i s  method o f  a p p r o x i m a t i n g   t h e   I n d o x  V 

d e m a g n e t i z a t i o n   c u r v e  by two s t r a i g h t   l i n e s  i s  

q u i t e   a c c u r a t e   x i t h   t h e   e x c e p t i o n  of  approxj.mat.ely 

5% e r r o r   i n   t h e   r e g i o n  of  t h e   k n e e .  

The  va.lues f o r  t h e   m a g n e t i c   s o u r c e   p o t e n t i a l s  

Vo1 and Vo2 can  be  f o u n d  d i r e c t l y  from t h e   a c t u a l  

d e m a g n e t i z a t i o n   c u r v e ,   F i g u r e  3 . 4 ,  o n c e   t h e   t h i c k n e s s  

of t h e  m a g n e t   d i s c  i s  known; T h a t  i s ,  

where ,   f rom  F igure  3 . 4 ,  i t  c a n   b e   s e e n   t h a t  

T h e   a p p r o x i m a t e   o p e n   c i r c u i t   r e l u c t a n c e   f o r  a 

disc magnet   magnet ized   wi th  i t s  s h e l l   i n   p l a c e   c a n  

be found by  c o n s i d e r i n g   t h e   r e l u c t a n c e   g i v e n   b y  

E q u a t i o n  ( 3 . 3 7 )  i n   p z r a l l e l  w i t h  t h a t  o f  E q u a t i o n  

( 3 . 2 0 )  f o r   t h e   o u t s i d e  shell d e s i g n ,   o r   t h e   r e l u c t a n c e  

g i v e n  by Equation ( 3 . 3 8 )  i n   p a r a l l e l  with the value 
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Due t o   o b v i o u s   t h e o r e t i c s 1   s i m p l i f i c a t i o n   a n d  

t h e   b a s i c   s i m i l a r i t y   b e t w e e n   t h e   i n s i d e   a n d   o u t s i d e  

s h e l l   d e s i g n s  , t h e   f o l l o w i n g   t h e o r e t i c a l   f o r c e  

c h a r a c t e r i s t i c  i s  a p p l i c a b l e  to b o t h   d e s i g n s ,  A l l  

t h a t  w i l l  b e   n e c e s s a r y   t o   o b t a i n  t he  f o r c e   c h a r a c -  

t e r i s t i c  f o r  e i t h e r   d e s i g n  i s  t o  s u b s t i t u t e   i n t o  

t h e  deve loped  equations t h e   a p p l i c a b l e   r e l u c t a n c e s  

d e r i v e d  i n  S e c t i o n  3.3.5. 

9 e n   C i r c u i t   A n a l y s i s  
N."._U 

F o r   t h e   c e r a m i c   m a t e r i a l   I n d o x  V ,  i t  i s  f i r s t  

n e c e s s a r y  t o  d e t e r m i n e   t h e   r e c o i l   l i n e   o n   w h i c h   t h e  

magnet will b e   o p e r a t i n g .   C o n s i d e r   t h e   a p p r o x i m a t i o n  

t o   t h e  Tndox V d e m a g n e t i z a t i o n   c u r v e  011 t h e  I - V 

p l a n e  shown below 

142 



given by E q u a t i o n   ( 3 . 1 9 )   f o r   t h e   i n s i d e   s h e l l   d e s i g n .  

The open c i r c u i t  s t a t e  can   be   found  by first 

hypothesizing t h a t   t h e   m a g n e t   s t a t e  i s  l i n e  1. I f  

t h i s  i s  true, t h e n   t h e   f o l l o w i n g   s i m p l e   c i r c u i t  i s  

a p p l i c a b l e :  

Then ,   t he   magne t   f l ux  i s  g i v e n  by 

If 1, > IiTltr t h e n   t h e  h y p o t h e s i s  i s  t r u e   a n d  

' t h e  o p e n   c i r c u i t   s t a t e  h a s  been  de te rmined .  I f  

Im < Zint, t h e n   t h e   s t a t e   m u s t   l i e  on c u r v e  2 and 

t h e  f o l l o w i n g   c i r c u i t  may be used:  
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The   open   c i . r cu i t   magne t  flus i s  t h e n  

F o r  e i t h e r   c a s e ,  t h e  o y e n   c i r c u i t   m a g n e t   p o t e n -  

t i a l  is 

T h e   s o u r c e   p o t e n t i a l  o f  t h e   m a g n e t   r e c o i l   l i n e  

c m  now be w r i t t e n  
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For t h e   m a t e r i a l   I n d o x  VI.-A, t h e   p r e c e d i n g   c a l c u -  

l a t i o n  i s  n o t   n e c c s s . z r y ,   s i n c c  t h e  socrce  p o t e n t i a l  

of t h e   r e c o i l   l i n e   c a n  be d e t e r m i n e d   d i r e c t l y  from 

the Indox VI-A d e m a g n e t i z a t i o n   c u r v e .  

where.  Horn = 3 0 0 0 .  o e r s t e d s .  

Closed  C f r a 1 i : t  "_Q AnaQsis . 
vlsw 

We na7.v m u s t  d e t e r m i n e  t , h e  r 'eco' i l  1 i .nes  on which 

t h e  steel p a r t s  w i l l  opera t e - . .   I n  t h e  I-V p l a n e ,  t h e  

s tee l  v i r g i n   m a g n e t i z a t i o n   c u r v e  is approx ima ted  by 

a s t r a i g h t  line Erom t h e   o r i g i n .  TLhe So l lowing  

c i r c u i t  can be used  to d e s c r i b e   t h e   s t . a t e  o f  t h e  

m a g n e t i c   s y s t e m  upon c o n t a c t   w i t h  a v i r g i n   s t e e l  

c e i l i n g :  
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From the p r e c e d i n g   c i r c u i t ,  it c a n   b e   s e e n   t h a t  

Upon r e t r a c t i o n  of t h e  magnet from t h e   c e i l i n g ,  

the m a g n e t i c   s o u r c e   p o t r n t i . a l s  o f  t h e   s h e l l   a n d  

c e i l i n g  a r e   t h e n   r e s p e c t i v e l y  

(3.57) 

(3.58) 

I t  s h o u l d  be noted t h a t  t h e   s o u r c e   p o t e n t i a l  

and t h e   r e c o i l   p e r m e a b i l i t y   c o z p l e t e l y   d e t e r m i n e   t h e  

m a t e r i a l ' s   r e c o i l   l i n e .  

146 



9 e r a t i n g   C i r c u i t :   A n a l y s i s  
".Y" 

The f o l l o w i n g   m a g n e t i c   c i r c u i t  will be u s e d  t o  

r e p r e s e n t   t h e  syst.em upon t h e   r e t r a c t i o n  o f  t h e  mag- 

n e t   t o  some smali g a p   f r o m   t h e   c e i l i n g :  

x 
v s  

F o r   t h e  above c i r c u i t ,  t h e   f l u x   t h r o u g h  each 

c i r c u i t   e l e m e n t  i s  g i v e n  by 
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Systcm  Energy  and  Force 
"- ""I 

T h e   e x p r e s s i o n s   f o r   t h e   c h a n g e  i? e n e r g y   s t o r e d  

i n  e a c h   c i r c u i t   e l e m e n t  have been d e r i v e d   i n   S e c t i o n  

3 . 3 . 3 ,  On t a k i n g   t h e   p a r t i a l   d e r i v a t i v e  o f  t h e  

e n e r g y  s t o r e d   i n   e a c h   e l e m e n t   w i t h   r e s p e c t  t o  a i r   g a p ,  

we o b t a i n   t h e   c o m p o n e n t  o f  f o r c e  d u e  tzJ t h e   c h a n g e   i n  

ene rgy  i n   t h a t   e l e m e n t ,  
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" I Lg, = L '  

(3.591 
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. . - ." 

U n f o r t u n a t e l y ,  due t o   t h e   n a t u r e  o f  t h e  ene rgy  

a n a l y s i s ,  we c a n n o t  s ay  what the f o r c e -   d i s t r i b u t i o n  

on t h e   n a g n e t   s t r u c t u r e  i s ,  F o r   i n s t a n c e ,   t h e  

force  componcnt F, is  n o t   t h e  f o r c e  a c t i n g  on t h e  

m a g n e t   s h e l l ;  i t  i s  s i m p l y   t h e   f o i - c e   d u e   t o   t h e  

changc i n   e n e r g y   s t o r e d   i n   t h e   s h e l l ,  A good 

example of t h i s   p o i n t  i s  t h e   l e a k a g e   f o r c e  F L ,  s i n c e  

i t  i s  a b s u r d  t o   t h i n k   o f  a f o r c e   a c t i n g   o n  a volume 

o f  f r e e  s p a c e .  
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3.4 MAGNET OPTIP~IZATIOK "..""""."._" 

S i n c e   t h e   m a g n e t  i s  t h e  ? r i m  c o n t r i b u t o r   t o  

t h e  m a g n e t i c   a i r  bearing's t o t a l   w e i g h t   a n d   s u p p l i e s  

t h e  . l o a d - c a r r y i n g   c a p a c i t y ,   t h e  f i r s t  s t e p  i n  d e s i g n i n g  

an opt inwm  bear ing  i s  t o  design  an  opt imum  magnet .  

By d e f i n i t i o n ,   a n  optimum  magnet i s  o n e   t h a t  

has a. maximum f o r c e - t o - w e i g h t   r a t i o  a t  a c h o s e n   n i l  

gap.  The   pe r fo rmance   func t ion  i s  t h u s   g i v e n  by 

r w i l l  be a f u n c t i o n  o f  t h e   m a g n e t ' s   g e o m e t r y ,  

mater ia l ,  and a i r  gap. F o r  t h i s   o p t i m i z a t i o n ,   t h e  

m a g n e t i c   m a t e r i a l s  will b e  chosen  and t h e  a i r  gap 

f i x e d   a t  some v a l u e .   T h u s ,   t h e   p e r f o r m a n c e  i s  con-  

s i d e r e d  a f u n c t i o n  o f  the d e s i g n   d i m e n s i o n s   o n l y ,  

i7 =r cx;) 

where t h e  x i ' s  a r e  t h e   m a g n e t ' s   d i m e n s i o n s ,  

Because o f   t h e   c o m p l e x i t y   o f   t h i s   t h e o r e t i c a l  

p c r E o r m a n c e   f u n c t i o n ,   t h e   o p t i n i z a t i o n  \.;as conduc ted  

using a numer i ca l   t echn ique   and   run  on a d i g i t a l  

computer .  The f o l l o w i n g   d i s c u s s i o n  i s  a summary o f  
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t he  n u m e r i c a l  o p t i m i z a t i o n   t e c h n i q u e .  

To f i n d   t h e  maximum v a l u e  of f o r  a l l  p o s s i b l e  

values o f  x i ,  we s t a r t   a t  some t e s t  p o i n t  x i G  a?d t a k e  

a s m a l l   e x c u r s i o n  ( 6  ) i n  o n e   v a r i a b l e   a n d   m e a s u r e   t h e  

c o r r e s p o n d i n g   s e c a n t   g r a d i e n t  o f f  . 

g i o  i s  n e g a t i v e ,  17 i s  l o c a l l y   d e c r e a . s i n g   i n   t h e   d i r e c -  

t i o n  o f  Xi. T h e   v e c t o r  s io  t h e r e f o r e   p o i n t s  in t h e  

d i r e c t i o n  o f  m a x i m m   i n c r e a s e  o f  t o  a f i r s t  

approxi .mat   ion.  

The u n i t   v e c t o r   w h i c h   p o i n t s  i n  t h i s  d i r e c t i o n  

c a n  be w r i t t e n  

We now s t e p  t o  a new p o i n t   o n   t h e   p e r f o r m a n c e  

s u r f a c e   t a k i n g   t h e   a n t i c i p a t e d   s t e e p e s t   a s c e n t  

x ; '  ,"- -; n,. 0 
where D i s  t h e   s t e p  s i z e .  
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A t  t h i s  ncw p o i n t  of h i g h e r   p e r f o r m a n c e ,   t h e  

g r a d i e n t  i s  aga in   measu red   and   t he   cyc le  i s  r e p e a t e d .  

T h i s   p r o c e d u r e   l e a d s   t o   t h e   f o l l o w i n g   g e n e r a l   r e l a -  

t i o n s h i p s  f o r  c l i m b i n g   t h c   p e r f o r m a n c e   h i l l :  

T h e   c o m p u t e r   p r o g r a m s   u s e d   i n   p r e d i c t i n g   a n d  

o p t i m i z i n g   m a g n e t   p e r f o r m a n c e   z r e   p r e s e n t e d   i n  

Appendix D a 

E x p e r i m e n t a l l y ,  i t  was f o u n d   t h a t   b e a r i n g s   u s i n g  

t h e   o u t s i d e   s h e l l   m a g n e t   d e s i g n s  were s t a t i c a l l y  

u n s t a b l e   i n   t h e   t i p p i n g  maze. F o r   t h i s   r e a s o n ,  

d e t a i l e d   o p t i m i z a t i o n   d a t a  will n o t  b e   p r e s e n t e d   f o r  

t h i s  d e s i g n .  A more d e t a i l e d   d i s c u s s i o n  o f  t h i s  

i n s t a b i l i t y   p r o b l e m  will b e   g i v e n   i n   S e c t i o n  4,O. 

F o r c e   c h a r a c t e r i s t i c s   f o r   p r o t o t y p e   o u t s i d e   s h e l l  
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magnets  will be p r e s e n t e d   i n   S e c t i o n  3 . 5  for t h e  p u r -  

poss of  e v a l u a t i n g   t h e   a c c u r a c y  o f  t h e   t h e o r y .  

T h e   i n s i d e   s h e l l   m a g n e t   d c s i g n  IC?-s o p t i m i z e d   t h e -  

o r e t i c a l l y  a t  a n  a i r  gap o f  6 mils. T h i s  was done f o r  

t h e  t w o   m a g n e t i c   m a t e r i a l s ,   I n d o s  V and  Indox V I - A .  

In a d d i t i o n ,  n~asimum s t e e l   f l u x   d e n s i t i e s   a t  1 4  and   16  

kilogauss were c o n s i d e r e d .  

Mild s t e e l  was chosen  as  t h e  shell m a t e r i a l   a n d  

t h e   s h e l l s   w e r e   t a p e l e d  as  show’n i n   F i g u r e  3 . 8  t o   m i n -  

i m i z e  w e i g h t .  

The o p t i m i z a t i o n  was c o n d u c t e d   b y   c o n s t r a i n i n g  

t h e  o u t s i d e   r a d i u s   a n d   t h e n   v a r y i n g   t h e   v a r i o u s  geo-  

metric p a r a m c t e r s   t o   o b t a i n  a  maximum f o r c e - t o - w e i g h t  

r a t i o  a t  6 mils. T h e  m a g n e t   t h i c k n e s s  was c o n s t r a i n e d  

by a minimum of , 2  i n c h e s ,  Tests were cdnducted   f rom 

v a r i o u s   s t a r t i n g   p o i n t s   t o   a s s u r e   t h a t   t h e  optimum  de- 

s i g n  found was t h e   o v e r a l l .   o p t i m u m   r a t h e r   t h a n  j u s t  a 

l o c a l  maximum. 

F i g u r e s  3 . 9  th rough  3 .16   show  the   op t imum  des ign  

p a r a m e t e r s ,   f o r c e  and w e i g h t ,  as a f u n c t i o n  of  magnet 
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o u t s i d e   r a d i u s .  I t  s h o u l d   b e   n o t e d   t h a t   t h e  foT:ce-to- 

w e i g h t   r a t i o   i n c r e a s e s   w i t h   d e c r e a s i n g   m a g n e t   s i z e  

( e . g . ,  Figure   3 .9 )  . T h i s  i s  g e n e r a l l y   t h e  c a s e  i n  

magne t   des ign .   The   cu rves   fo r   op t imum magnet geometry 

can be u s e d   a s   f o l l o w s :  

Supposc i t  i s  d e c i d e d   t o   u s e   I n d o x  V I - A ,  have a 

maximum s t e e l   f l u x   d e n s i t y  of 1 4  k i l o g a u s s ,   a n d   h a v e  a 

deve loped  f o r c e  a t  6 mils of  2 0 0  pounds. From F i g u r e  

3 . 1 2  i t  c a n   b e   s e e n   t h a t   t h e   m a g n e t ' s   o u t s i d e   r a d i u s  

shou ld   be  2 . 1  i n c h e s   a n d   t h a t   t h e   m a g n e t  will weigh 

1.5 pounds ,   The   geometry  o f  t he   magne t   can   be   ob -  

t a i n e d   f r o m   F i g u r e   3 . 1 1  as f o l l o w s :  

a = 0.91" 
b = 1 . 2 "  

T, = ,205" 
To = ,09" 

T 1  ,435" 

S i n c e   t h e   f l u x   p a s s i n g   t h r o u g h   t h e   c e i l i n g  will 

be t h e  same a s   t h a t   p a s s i n g   t h r o u g h   t h e   s t e e l   s h e l l ,  

t h e  c e i l i n g   t h i c k n e s s   s h o u l d  be e q u a l  t o  TI t o   p r e v e n t  

c e i l i n g   s a t u r a t i o n  and t o  d e v e l o p  maximum f o r c e ,  

I t  s h o u l d   b e   n o t e d   t h a t ,   b y   i n c r e a s i n g   t h e   m a x i -  

mum s t e e l  f l u x   d e n s i t y   f r o m -  1 4  t o   1 6   k i l o g a u s s   f o r  a 
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p a r t i c u l a r   m a g n e t i c   I n a t e r i a l ,   t h e r e  is a s m a l l   i n c r e a s e  

i n   p e r f o r m a n c e   a n d  a small d e c r e a s e   i n   c e i l i n g  t h i c k -  

n e s .  For  t h i s  reason, 1 6  k i l o g a u s s  was used  as t h e  

maximum s t e e l  f l u x   d e n s i t y   f o r   p r o t o t y p e   i n s j . d e  s h e l l  

d e s i g n s .  
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3.5 COMPARISON OF THEORETICAL AND EXPERIbIENTAL RESULTS 
"""""-.E - - -_-.="..__".""L._.Y-__ "_. 

S i n c e   p r o t o t y p e   m a g n e t   d e s i g n  was l i m i t e d   t o  o f f -  

t h e - s h e l f   c e r a m i c   d i s c s ,   t h e   g e o m e t r y  of  t h e s e   m a g n e t s  

is ncjt t h e o r e t i c a l l y  0ptimu.m.  The s t e e l   s h e l l s ,  how- 

ever, w e r e   d e s i g n e d   t o   y i e l d  L t l e  t h e o r e t i c a l  maximum 

f o r c e - t o - w e i g h t   r a t i o   g i v e n   t h e   g e o m e t r y  o f  t he   magne t  

d i s c  as a c o n s t r a i n t .  

F i g u r e s  3.17 th rough  3 .21  show t h e   t h e o r e r i c a l   a n d  

e x p e r i m e n t a l   f o r c e   c h a r a c t e r i s t i c s  f o r  t h r e e   o u t s i d e  

s h e l l   a n d  TWO i n s i d e   s h e l l   m a g n e t s .   I n   a l l   c a s e s ,   t h e  

t h e o r e t i c a l   c u r v e   l i e s   a b o v e   t h e   e x p e r i m e n t a l   c u r v e .  

This d i s c r e p a n c y   i n c r e a s e s   w i t h   g a p .   T h e   e r r o r  i s  

presumably   caused  by flux l e a k a i e   p 5 t h s   t h a t   w e r e   n e -  

g l e c t e d  i n  t h e   t h e o r y .  An example o f  such  a l e a k a g e  

path  i s  f r o m   t h e   e x p o s e d   p o r t i o n s  of  t h e   s t e e l   s h e l l   t o  

the c e i l i n g .  

F i g u r e s  3.19 and 3 . 2 0  c s n  be u s e c   t o   c o m p a r e   t h e  

o u t s i d e   s h e l l   a n d   t a p e r e d   i n s i 3 e   s h e l l   m a g n e t   d e s i g n s  

s i n c e   b o t h   t e s t s  were p e r f o r m e d   w i t h   t h e  same Indox V 

c e r a m i c . d i s c .   T h e   i n s i d e   s h e l l   d e s i g n   d e v e l o p s  4 0 0  

pounds a t   z e r o  gap a s  compared t o  340 pounds f o r  t h e  
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o u t s i d e   s h e l l   d e s i g n .   B o t h   d e s i g n s   h a v e   a p p r o x i m a t e l y  

the  same we igh t  . 
There are  two p o s s l u i e  r e a s m s   f o r  the i ncongru -  

e n c y   b e t w e e n   t h e s e   r e s u l t s   a n d   t h o s e   o b t a i n e d   f r o m  t h e  

I n d i a n a   C e n c r a l   C o r p o r a t i o n  [see F i g u r e  3 . 3 )  which   i n -  

d i c a t e   t h a t   t h e   o u t s i d e   s h e l l   s h o u l d   h a v e  a s u p e r i o r  

f o r c e - t o - w e i g h t   r a t i o . ( ” )  One r e a s o n  i s  t h a t   t h e   e x -  

p e r i m e n t a l   i n s i d e   s h e l l  was t a p e r e d ,   y i e l d i n g  a weight  

s a v i n g s   o v e r   t h e   d e s i g n   f i r s t   c o n s i d e r e d .   T b e   o t h e r  

r e a s o n  i s  t h a t   t h e   i n s i d e   s h e l l  was d e s i g n e d  with a 

maximum s t e e l   f l u x   d e n s i t y   o f  16 k j l o g n u s s ,   w h e r e a s  

the  o u t s i d e   s h e l l  was d e s i g n e d   t o  1 4  k i l o g a u s s .  

The mean e r r o r   b e t w e e n   t h e o r e t i c a l   a n d   e x p e r i m e n -  

t a l   f o r c e   c h a r a c t e r i s t i c s   a s  a f u n c t i o n  o f  a i r  gap  i s  

shown i n   F i g u r e  3 . 2 2 .  A K f a c t o r ,   d e f i n e d  as  one  minus 

tl-e mean e r r o r ,  i s  a l s o  shown i n   t h i s   F i g u r e .   T h i s  

f a c t o r  may be   used  t o  b r i n g  t h e  f o r c e   c h a r a c t e r i s t i c s  

of t h e   t h e o r e , t i c a l l y  opt imum  magnet   des igns   p resented  

i n   S e c t i . o n  3 . 4  i n t o   b e t t e r   a g r e e m e n t   w i t h   e x p e r i m e n t .  

For  example ,   i f   one  wishes t o   d e s i g n  a m a g n e t   t h a t   h a s  

a 200-pound p u l l   a t  6 mils, h e   n e c d   o n l y   d i v i d e   t h e  

d e s i r e d   f o r c e   b y   t h e  K f a c t o r   a t   t h e   g a p ,   o b t a i n i n g  
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270  pounds ,  and t h e n  f i n d  t h e  optimum g c m e t r y  f o r  

this magnet force. The d e s i g n  o b t a i n e d  should y i e l d  

approximately 200 pounds  a t  6 mils. 
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4.0  MAGNETIC AIR BEARING DESIGN 
""""I""."." 

The o u t s i d e   s h e l l   m a g n e t   d e s i g n ,   w h i c h  scemed 

p r o m i s i n g   b e c a u s e   o f  i t s  h i g h   f o r c e - t o - w e i g h t   r a t i c  

a n d   l o w   r e q u i r e d   c e i l i n g   t h i c k n e s s ,  i s  n o t   s u i t a b l e  

as  a m a g n e t   f o r   u s e   i n  a m a g n e t i c   a i r   b e a r i n g .   T h i s  

magnet ,  when u s e d   w i t h  a n  a i r   b e a r i n g ,  i s  u , ~ s t a b l e   i n  

t h e  t i p p i n g  mode; whereas   an a i r   b e a r i n g   u s i n g   t h e  

i n s i d e   s h e l l   d e s i g n  i s  n o t .  

T h i s  c a n   b e   e x p l a i n e d   b y   u s i n g  a s i m p l e r   t h e o r y  

f o r  t h e   m a g n e t   f o r c e  t h a q  was u s e d  i n   t h e   p r e c e d i n g  

a n a l y s i s .  T h e   t h e o r y   s t a t e s   t h a t   t h e   f o r c e   p r o d u c e d  

by a magnet i s  p r o p o r t i o n a l   t o   t h e   s q u a r e   o f   t h e   f l u x  

d e n s i t y   i n   t h e   a i r   g a p .  (13) T h e r e f o r e ,   s i n c e   t h e   o u t -  

s i d e  s h e l l   d e s i g n   h a s  i t s  h i g h e s t   a i r  gap f l u x   d e n s i t y  

at t h e   o u t e r   d i a m e t e r ,   t h e   m a j o r i t y  of t h e   m a g n e t   f o r c e  

is g e n e r a t e d   i n   t h i s   a r e a .   T h i s   m a g n e t  w i l l  t h e r e f o r e  

p roduce  a l a r g e   u n s t a b l e   t i p p i n g   n o m e n t .   T h e   i n s i d e  

s h e l l   m a g n e t ,   o n   t h e   o t h e r   h a n d ,   h a s  i t s  h i g h e s t   f l u x  

d e n s i t y   c o n c e n t r a t e d   i n   t h e   c e n t e r ;   t h e r e f o r e ,  i t s  

u n s t a b l e  moment i s  minimized.  
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Two i n s i d e   s h e l l   m a g n e t s   w e r e   f a b r i c a t e d  a.nd 

t h e i r   e x p e r i m e n t a l   f o r c e   c h a r a c t e r i s t i c s  a r e  n r e s e n t e d  

i n  F i g u r e s  3 . 2 0  and 3 . 2 1 .  Eotl: cf t h e s e   m a g n e t s  were 

u s e d   s u c c e s s f u l l y  a s  m a g n e t i c  air b e a r i n g s   w i t h o u t  

any o b s e r v e d   t i p p i n g   i n s t a b i l i t y .  l'he l a r g e r  cf t h e s e  

-r1sj.de s h e l l   m a g n e t i c  a i r  b e a r i n g s  i s  shown i n   F i g u r e  

4 . 1 .  

D e s i r n   C o n s i d e r a t i o n s  

I't i s  d e s i r a b l e ' f r o m   t h e   s t a n d p o i n t  of  u t i l i z i n g  

a magnet t o  i t s  f u l l   p o t e n t i a l   t o   o p e r a t e   a t  a s  s n z l l  

a gap as p o s s i b l e .   T h e  minimum p r a c t i c a l   o p e r a t i n g  

gap has been e x p e r i m e n t a l l y   d e t e r m i n e d   t o   b e   a p p r o x i -  

m a t e l y  4 mils, I n   c o n j u n c t i o n   w i t h   t h i s  minimum gap ,  

t h e  maxinlu~n c e , i l i n g   s u r f a c e   t o l e r a n c e  was i n v e s t i g a t e d  

f o r  t h e  c o n d i t i o n  of  no  p e r c e p t i b l e   c o n t a c t   b e t w e e n  

t h e  b e a r i n g  a n d  t h e   c e i l i n g ,   T h i s   f l a t n e s s   t o l e r a n c e  

was f o u n d   t o   b e   a p p r o x i m a t e l y  k l . 5  mils o v c r   t h e  

b e a r i n g   d i a m e t e r ,  

S i n c e   t h e   s t e c l   c e i l i n g  i s  t h e  major  c o s t  item 

i n  t h e   m a g n e t i c   a i r   b e a r i n g   s y s t e m   a n d  i t s  c o s t  

g r e a t l y   i n c r e a s e s   r c i t h   d e c r e a s i n g   a l l o w a b l e   s u r f a c e  
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INSIDE SHELL  MAGNETIC  AIR  BEARING 

Max Rated Force = 250  l b s .  @ 7 0  psis Supply Press. 

Net Weight = 3 . 6 2  l b s .  

R e q u i r e d   C e i l i n g   T h i c k n e s s  = , 4 6 1  Inches  

F'igure 4 . 1 
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t o l e r a n c e ,  i t  i s  c o n s i d e r e d   e s s e n t i a l   t o   d e s i g n  a 

h e a r i n g   w i t h  a snal.1 o u t s i d e   d i a m e t e r .  I t  h a s  been 

shorn t h a t   t h e   r e q u i r e d  c e i l i n g  t h i c k n e s s  i s  a l i n e a r  

f u n c t i o n  of  an optimum m a g n e t ' s   o u t s i d e   d i a m e t e r ,  

Thus, when r e d u c i n g  t h e  t h i c k n e s s  of  t h e   c e i l i n g ,  

t h e   s i z e   o f  the m a g n e t   s h o u l d   b e   p r o p o r t i o n a t e l y  

r e d u c e d .   S i n c e   m a p e t   f o r c e - t o - w e i g h t   r a t i o   i n c r e a s e s  

w i t h   c l e c r e a z i n g   s i z e ,   o n e   c a n  fabricate a l i g h t e r  and 

m o r e   e f f i . c i e n t   d e s i g n  by c l u s t e r i n g  a number  of   small  

magne t s   t han   by   u s ing   one   l a rge   magne t .  

In  c o s l t r a s t  t o  t h e s e  s i z e  l i m i t a t i o n s ,  i t  i s  

shown i n   F i g u r e s  2 .9  t h r o u g h  2 . 1 1  t h a t   t h e   s t i f f n e s s  

of a b e a r i n g   i n c r e a s e s   w i t h   o u t s i d e   d i a m e t e r ;   b u t  

s i n c e   s t i f f r , e s s   a l s o   i n c r e a s e s   w i t h   o r i f i c e  s i z e  and 

s u p p l y   p r e s s u r e ,   t h e   e f f i c i e n t   a p p l i c a t i o n   o f   t h e s e  

t w o   p a r a m e t e r s   c a n   b r i n g   t h e   s t i f f n e s s   t o  a s a t i s f a c -  

t o r y  l e v e l  . 
T h r o u g h   t h e   p r o c e s s  of i n c r e a s i n g   o r i f i c e   s i z e  

and s u p p l y  p r e s s u r e ,   a i . r   f l o w  will a l s o   i n c r e a s e .  

I t  i s  o b v i o u s  t h a t   i n c r e a . s e d   a i r  f l o w  will demand 
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a l a r g e r   a i r  c ompressor .  

Thus ,  a l t h o u g h  one  c a n   d e s i g n  a t h e o r e t i c a l l y  

opti.n:un n a g n e t ,  i t  i s  i m p r a c t i c a l   t o  s p e a k  of an 

o v e r a l l  optimum  magnetic a i r   b e a r i n g   s i n c e   c o n p r i -  

mises mus t .  h e  madc i n  a p r a c t i c a l   d e s i g n .  

Desirrr .   Procedure 

The no l o a d  gap o f  a n   a i r   b e a r i n g  i s  a measure 

of t h e  maximum o p e r a t i n g  gap  o f  a m a g n e t i c   a i r   b e a r i n g  

w i t h   t h e   s a n e   g e o m e t r y .  T h i s  p a r a m e t e r  should be 

c o m p a t i b l e   w i t h   t h e   s e l e c t e d   g c p   o p e r a t i n g  r a n g e ,  4 t o  

6 C:ils. No l o a d  gap as a. f u n c t i o n  o f  o r i f i c e   r a d i u s  

is p r e s e n t e d   i n   F i g u r e s  2 . 1 2  and 2 . 1 3 .  From F i g u r e  

2.12, i t  c a n  b e  s e e n   t h a t  a b e a r i n g   w i t h   a n   o u t s i d e  

r a d i u s  of 1 i n c h  w i l l  have  a no  l o a d  gap be low 6 mils; 

t h e r e f o r e ,  such  a b e a r i n g  w i l l  o p e r a t e  t o o  c l o s e  t o  

t h e  surface. On t h e   o t h e r   h a n d ,  a b e a r i n g   w i t h  a 3 -  

i n c h   o u t s i d e   r a d . i u s  will have a no l o a d  gap r a n g i n g  

from a p p r c x i n a t e l y  9 t o  1 2  mils; t h e r e f o r e   a n   e x c e s s i v e  

amount o f  magnet ic   I 'o rce  w i l l  go i n t o   a i r   b e a r i n 5  com- 

p r e s s i o n   r a t h e r   t h a n   i n   d e v e l o p i n g   h o l d i n g   f o r c e  
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i n  t h e   o p e r a t i n g   r a n g e .  

F o r  c o m p a t i b i l i t y  o f  no l o a d   g a p  a n d   o p e r a t i n g  

r a n g e ,   t h e   o u t s i d e   r a d i u s  of t h e   a i r   b e a r i n g   s h o u l d  

be l i m i t e d   t o  a maximum o f  2 i nches   and  a minimum 

which j .s  somewhat g r e a t e r   t h a n  1 i n c h .  F o r  mr?ximum 

f o r c e  i n  t h i . s  s i z e  r a n g e ,   t h e   o u t s i d e   r a d i u s  o f  t h e  

m a g n e t i c   a i r   b e a r i n g   s h o u l d   b e   t h e  sane a s  t h e   o u t s i d e  

r a d i u s   o f   t h e   m a g n e t .   T h e  optimum i n s i d e   s h e l l  mag- 

n e t s  a r e  c a p a b l e  of  p roduc ing  a maximlv.  magnet f o r c e  

.at 6 mils r ang ing   f rom 37 pounds  f o r  a 1 - i n c h   c u t s i d e  

r a d i u s   t o  1 9 0  p o u n d s   f o r  a 2 - i n c h   o u t s i d e   r a d i u s  us in^ 

l n d o x  V and  from 3 0  t o  134 pounds   us ing   Indox VT-A. 

These m a g n e t   f o r c e s   w e r e   o b t a i n e d   f r o m   F i g u r e s  3 . 1 4  

and 3 . 1 0  r e s p e c t i v e l y   a n d   w e r e   d e c r e a s e d   f r o m   t h e i r  

t h e o r e t i c a l   v a l u e s   b y   m u l t i p l y i n g   b y   t h e  K f a c t o r   a t  

6 mils g i v e n   i n   F i g u r e  3 . 2 2 .  I t  s h o u l d  be- s t a t e d   a g a i n  

t h a t   t h e   o n l y   a d v a n t a g e   i n   u s i n g   I n d o x  V I - A  r a t h e r   t h a n  

Indox V i s  t h a t   t h e - n a g n e t   n e e d   n o t   b e   m a g n e t i z e d   a f t e r  

a s s e m b l y   i n   t h e  s t e e l  s h e l l .  

One c a n   b e g i n   t h e   d e s i g n  o f  a m a g n e t i c   a i r   b e a r j n g  

by f i r s t  s e l e c t i n g  a m a g n e t   m a t e r i z l   a n d  a maxinun 
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desired o p e r a t i n g   f o r c e   w i t h i n   t h e   a b o v e - m e n t i o n e d  

r a n g e s .  The o r i f i c e   r a d i u s   s h o u l d  be  s i z e d   f o r   m i n i -  

mum no l o a d  gap .  I t  can be scen f rom F i g u r e s  2 . 1 2  and  

2.13 t h a t  .125 i n c h e s  will 2 p p r o s i n \ a t e l y   g i v e   t h i s  

minimum i n   t h e   o u t s i d e   r a d i u s   r a n g e   c . o n s i d e r c d ,  

Once  an o r i f i c e   r a d i u s  i s  s e l e c t e d ,  t h e  f l o w  

c h a r a c t e r i s t i c   c a n  be d e t e r m i n e d   f r o m   t h e   f l o w  

g r a d i e n t - v e r s u s - o r i f  i c e  r a d i u s   c l l r v e   g i v e n   i n   F i g u r e  

2.1.S. From t h e   m a g n i t u d e  o f  t h e   s e l e c t e d   f o r c e  , t h e  

d e s i g n e r  s h o u l d  h a v e   a n   a p p r o x i m a t e   i d e a   o f   t h e   o u t -  

side r a d i u s  o f  t h e   b e a r i n g ,  Ey u s i n g   F i g u r e  4 . 2 ,  o n e  

c a n   o b t a i n  t h e  a p p r o x i m a t e   a i r   f o r c e  a t  6 mils. The  

strange b c h a v i o r  of t h e s e   c u r v e s   f o r  a I - i n c h   o u t -  

s i d e   r a d i u s  i s  a r e s u l t  o f   t h e   s h o c k  \\'ave approach ing  

t h e   o u t s i d e   r a d i u s  of  t h e   b e a r i n g .   I n   t h i s   f i g u r e ,  

n e g a t i v e   a i r   f o r c e   r e p r e s e n t s   e x t e r n a l   c o m p r e s s i o n  o f  

t h e  a i r  b e a r i n g ,   T h e r e i o r c ,   i f   n e g a t i v e ,   t h e   f o r c e  

~ - u d d  f rom t h i s   g r a p h   r e p r e s e n t s   t h e   p o r t i o n  o f  t h e  

magne t ' s  f o r c e  a t  6 mils t h a t  will b e  u s e d  i n  com- 

p r e s s i o n  o f  t h e  a i r  b e a y i n g .  By s i ~ ~ n l y  a d d i n g   t h i s  

compressive a . i r  f o r c e   t o  t h e  d c s i r e d  n1axin:un o p e r a t i . n g  

f o r c e ,  one c a n  o b t a i n  t h e   r c q u i r e d   n a g n e t   f o r c e   a t  
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this air gap. 

Ey dividing  the  obtained mt?g.net force by t h e  

relevant I( factor and referring t o  Figures 3.1'3 and 

3.14 for Indox V or Figures 3.10 and. 3..1.2 for Ind'ox 

VI-A, t he  magnet's  geometry,  weight, and th.eare-tical  

force  characteristics  are  obtained, T h e  magnet. 's 

theoretical  force  characteristic  should  be m0difie.d 

by using t h e  E( factor and  plotted as a func t i an  o f  

air gap. 

An approximate  straight l i ne  a i r  fa.rc.e character-. 

i s t i c  in  the  operating  .range can now ~ I S Q  be pl.otteed 

using the a i r  force at 6 mils and by  estZmatZng. 

stiffness  given in Figures 2.6 through. 2 . 8 ,  T h e  

approximate  magnetic  air  bearing f o r c e  characteristic 

can  now be obtained  by  graphically  adding th.e asr. 

force to the  magnet  force, T h i s  procedure  may- haye 

t o  be iterated  several  times  before t h e  desired' ai-r- 

bearing  force  characteristic is obtain-ed.  

The force  characteristic  obtained. by thfs ~ X Q -  

cedure  will be only a  rough engincering estimate. 

For a more accurate  design  analysis,  after t h e  magnet 
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s i z e  has been   de t e rmined ,   t he   compute r   p rog ram  g iven  

i n  Appendi.x 13 shou ld  b e  u s e d  t o  o b t a i n   t h e   a i r   f o r c e  

c h a r a c t e r i s t i c .   T h e   a i r   f o r c e   c a n   t h e n  by su~nmcd 

g r a p h i c a l l y  w i th  t h e  modified m a g n e t   f o r c e   t o   o b t a i n  

t h e  a i r   b e a r i n g   f o r c e - v e r s u s - g a p   c h a r a c t e r i s t i c ,  

T h i s  des ign   p rocedure   can   t hen   be   summar ized  as 

follok:s:  

18 

2 .  

3, 

4 .  

58 

S e l e c t  a maximum m a g n e t i c   a i r   b e a r i n g  

f o r c e  and a n   o p e r a t i n g  p r e s s u r e .  

D e t e r m i n e   t h e   o r i f i c e   r a d i u s   b a s e d  on 

t h e  minimum no load g a p   c r i t e r i o n ,  

E s t i m a t e   t h e   o u t s i d e   r a d i u s  of t h e  

m a g n e t   a n d   t h e   a i r   f o r c e  a t  6 mils 

f rom  F igu re  4 . 2  

Add t h e   d e s i r e d   f o r c e  t o  t h e  com- 

p r e s s i v e   a i r   f o r c e ,  1 

Take t h e   f o r c e  resulting f rom  S tep  

‘4 and d i v i d e   b y   t h e  K f a c t o r  t o  

lThe  f c r c e   o b t a i n e d   i n   t h i s   s t e p   r e 2 r e s e n t s   t h e  
a c t u a l   m a g n e t   f o r c e   r e q u i r e d  at 6 mils. 
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o b t a i n   t h e   t h e o r e t i c a l   m z g n e t   f o r c e  

a t  6 mils. 

6 ,  S e l e c t  a m a g n e t   m a t e r i a l .  

7 ,  U s i n g   t h e   t h e o r e t i c a l  magnet  f o r c e  

from S t e p  5 ,  . o b t a i n   t h e   m a g n e t ' s  

geometry from F i g u r e s   3 . 1 0   t h r o u g h  

8 .  E s t i m a t e   a y p r o x i n a t e  a i r  foFae 

c h a r a c t e r i s t i c  o r ,  i f  more   accuracy  

i s  d e s i r e d ,  u s e  t h e   c o m p u t e r   p r o -  

gram in   Appendix  B. 

9. G r a p h i c a l l y  sum t h e  m o d i f i e d  mag- 

n e t   f o r c e   a n d   a i r   f o r c e   c h a r a c t e r -  

i s t i c s  t o  o b t a i n   t h e   m a m e t i c   a i r  

beaying f o r c e - v e r s u s - g a p   c u r v e ,  

A p r o t o t y p e   m a g n e t i c   a i r   b e a r i n g   c l u s t e r  is  shown 

in Figure 4 . 3 .  These b e a r i n g s  a r e  4 i n c h e s   i n  dj.amete.r, 

h a v e   a n   o r i f i c e   r a d i u s  o f  , 0938  i n c h e s ,  and  have a mas-  

imum r a t e d  f o r c e  a t  6 mils o f  5c) Founds .  The magnet  

u sed  i n  t h i s  d e s i g n  i s  an   Aln ico  V s i d e   p o l e   w e i g h i n g  

184 

I 
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.702 pounds and hzving a breakaway   fo rce  and r e s - u l t i r l g  

magnetic air b e a r i n g  force c h a r a c t e r i s t i c  as shown i n  

Figure 4 . 4 .  

Since  t h i s  c l u s t e r  i s  composed o f  six such air 

bearings ,  i t  ha5 a maxirnrrm rated force of 300 pounds ,  

This dev ice  will be used to support S f b  of a man's 

torso and head w e i g h t  i n  the prototypc v e r t i c a l   l u n a r  

gravity simulator d e s c r i b e d  i n  The Design of a V e r t i -  

c a l  L.unar Gravity Simulator " by R. J ,  Morgen. (1) 
"L" 
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5.0 CONCLUSIO? iS  
“_*“I ”“ 

T h e   t h e o r e t i c a l  a . i r  bea r j -ng   fo rce   and  f low c h a r -  

a c t e r i s t i c s  a r e   i n  good ag recmen t   w i th   expe r in i cn ta l  

d a t a ,  T h u s ,  t h i s   t h e o r y  may be used  w i t h   s u f f i c i e n t  

a c c u r a c y  f o r  a i r   b e a r i . n g   d e s i g n .  

The o u t s i d e  s h e l l   c e r a m i c   d i s c  magnet,  which 

seemed p r o m i s i n g   b a s e d  on s h a p e   c o m p a t i b i l i t y   a n d  

h i g h   f o r c e - t o - w e i g h t   r a t i o ,  i s  n o t   s u i t a b l c   a s  a 

m a g n e t i c   a i r   b e a r i n g   p e r m a n e n t   m a g n e t   b e c a u s e  i t  i s  

p r o n e   t o  a t i p p i n g   i n s t a b i l i t y ,  

The t a p e r e d   i n s i d e   s h e l l   c e r a m i c   m a g n e t ,   b a s e d  

on an expe r imen ta l   compar i son   u s ing   t he   s ame   ce ramic  

d i s c ,  was   found  to   have  a h i g h e r   f o r c e - t o - w e i g h t   r a t i o  

than t h e  o u t s i . d e   s h e l l   d e s i g n ,  Two p r o t o t y p e   i n s i d e  

s h e l l  magnets  were used  as  m a g n e t i c   a i r   b e a r i n g s   w i t h  

no o b s e r v e d   t i p p i n g   i n s t a b i l i t y .   S i n c e   t h e s e   e x p e r i -  

m e n t a l   m a g n e t s   c o v e r   t h e   m a j o r i t y  of  t h e  n!agnct size 

r a n g e   c o n s i d e r e d  i n  t h e   t h e o r e t i c a l   o p t i m i z a t i o n ,  i t  

c a n  be c o n c l u d e d   t h a t   t i p p i n g   i . n s t a b i l i t y  i s  n o t  a 

p r o b l e m   w i t h   t h i s   m a g n e t   d e s i g n .  
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Comparison of t h e o r e t i c a l   a n d   e x p e r i m e n t a l .   m a g n e t  

f o r c e   c h a r a c t e r i s t i c s   i n d i c a t e   t h a t   i n  a l l  c a s e s  t h e  

t h e o r y   p r e d i c t s  a h i g h e r   f o r c e   t h a n   f o u n d   b v   e x p e r i -  

ment.  The mean e r r o r  €o r  this d i s c r e p a n c y  ranged 

f rom  15% a t  z e r o  gap t o  365 a t  15  mils, 

Magne t i c  a i r  b e . a r i n g s   u s i n g   t h e   i n s i z e  s h e l l  mag- 

n e t   d e s i g n   s h o u l d   r a n g e   f r o m   s o m e t h i n g   g r e a t e r   t h a n  

two  i n c h e s   t o  four i n c h e s   i n   d i a m e t e r .  

When d e s i g n i n g  a m a g n e t i c   a i r  b c a r i n g  w i t h  a 

h i g h  l o a d  c a p a c i t y ,  i t  i s  more e f f i c i e n t  t o  c l u s t e r  

s e v e r a l   s m a l l   b e a r i n g s   t h a n  t o  u s e   o n e   l a r g e   b e a r i n g .  
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APPENDIX A 

Introduction 

This appendix contains an abbreviated  version of an 

analysis of the dynarr,ic behmio-r of a ver t ical  suspension 

ty-pe simulator. The system t o  be  analysed is shown in 

Figurz Al. 

The systern components consist of one magnetic a i r  pad, 

a back-to-back negator spring assembly and the  subject mass. 

The subject mss will be cmsidered t o  be  inanimzte. The 

negator  spring assernbly housing is attached t o   t h e  a i r  pad 

by a ball joint .  If the system is confined t o  move i n  a 

plane  perpendicular to   the   ce i l ing ,  its p s i t i o n  can be 

defined by three generalized  coordinates; namely, the  position 

of the a i r  pad center of gravity,  the  angle between the 

extended nagator  springs and the  ve-dical,  m.d the  distance 

from the  ball joint   to   the  subject  mass. An important assump- 

tion must be made,  however, before  these three coordinates 

can correctly determine the  position of the  system. This is 

tha t   the  extended portion of the  negator  spring does not bend 

in the  plane of motion. " h i s  is probably a valid assumption 

for the  orientation of the  negator  springs shmm i n  Figure Al. 8 

k 
" 

Note tha t   the  width  of. the negzto-r sprjng is parailel t o   t h e  
plane of mction. 
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Side View 

1 

Front ..View 

Figure -41 
Lunar Gravity Simulator Model 
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If, hmevw,  the  negator  spring assenibly were rotated thmugh 

90 degrees, the width of the negator  springs would be perpen- 

dicular t o   t h e  plane of motion. Due t o   t h e  very low r igidi ty  

of the negator  springs i n  this   di rsct ion,   the  assumption 

would no longer  apply and the three coordinates would not 

suffice in locating  the system. 

The following are the assumptions which w i l l  be made 

in  the derivation of the dynamic equations: 

1. The extended  portion of the  negator  spring is r i g i d  
and inextensible. 

2. The air  pad moves with  negligible  friction. 

3. The  up-and-down dynamics of the a i r  pad are so 
mal1 that they can be neglected. 

b. The ball joint  has  negligible  friction. 

5. The air drag on t h e  system is negligible. 

6. The  mDtion of the system is planar. 

7. The negator  spring system has a constant  force 
for any elongation. 

The parameters used in the  analysis are defined as 

follows : 

X 
P 

h a t i o n  of the  centw of gravity of the air pad. 

0 Angle that   the extended  portion of the negator  spring 
makes with  the  vertical. 

1 The dis tmce from the ball  joint   to  the  center of 
gravity of the  subject rmss. 

a The distance from the  cei ter  of gravity of the air pad 
t o  the  bal l   jo int .  
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b 

rS 

R 

W 

t 

L 

x 

X 

Y 

% 

9-l 
MS 

Me 

Mc 

M 
P 

P 

Is0 

'he 

Iscl 

The distance f r o m  the ball joi r t   to   the  center  of gravi ty  
of the  negator  spring spools arld housing. 

Radius of a negatm  spring spool. 

Radius of the  coiled  prt ion of negator  spring. 

Width of the negatop sprkg .  

Thichess of the negator  spring. 

Total  length of a negator  spring. 

!he  center of gravity of the system of masses suspended 
from the   ba l l   jo in t  measured from that  point. 

A distance  parallel to any point on the extended  poftion 
of the  negator sprZng. 

Horizontal  distance f r c m  a reference pint. 

Vertical  distance from a reference  point. 

Mass of  the  subject . 
Mass of the a i r  pad. 

Mass of the  negator  spring  housing . 
Mass of a negator- s p r h g  spool containing  bearings. 

Mass of the extended  portion  of one negator  spring. 

Mass of the  coiled  poriton of one negator spring. 

The density of the negztor  spring material. 

Moment of inertia of one- s p l  about the ball joint. 

Moment of iner t ia  of the  coiled  portion of one negator 
spring about the ball joint. 

Moment of iner t ia  of the  negator  spring  housing about 
the ball joint .  

Mment of he-rtia of ORE! spool about its axis of rotatlon4 
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IC Morr.ent of iner t ia  of the  coiled  pcrtion of one negator 
spring about the axis of rotation. 

F The force d t p u t  of both negztolq sprirgs. 

T The kinetic energy of the system. 

Q A generalTzed forca. 

Dm Damping c&f f ic ient  . 
f A torque. 

Tf Coubmb bearhg fr ic t ion torque. 

Kinetic Enepgy of €he Extended For-tions of Negator Springs 

With reference to  Figure Al, the  position of any element 

of mass along Fne egterided portion of the  negator spring can 

The empanent velbcities of any element of mass can 

be found by d-ifferentiating  the above positions  with  respect 

to time. 

The k-2net.i~ e ~ e r g y  oT the extended portions of both 

negator Spri3-g~ be m i t t e n  as 
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1 
Te = p w t  (x, + 9,) dX . 

b I.' 
Unon substitution of the squares of the component 

velocit ies into Lle above expression,  the  kinetic energy can 

be written 

Te = p w t  (C2+ i2 + A2 i2+ 22  Xsin(0)+2jr X6cos(0))dA . 
b i P  P P 

It should be noted that i is a constant  over  the 

integration which takes  place at any instant of time. In  

addition, i must be equal t o  i due t o  physical  constraint. 

Upon complet-ing the  integration and  making the above-mzntioned 

substitution,  the  kinetic energy of the extended portion of 

both  negator springs can be expressed as follows: 

- 2  
+ 22 i sin(0)ICl - bl+ %13 - b 3 3 

P 

- b I I  2 

Kinetic Energy of the Subj, O C t  Mass 

For the sake of simplicity,  the mss % w i l l  be assumed 

concentrated at  a point. The coordinates of this point are 
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The kinetic energy of the -mass can be writ ten 

1 .2  .2 TL = 5 ML(xL t yL) . 

Upon making the appmpriate substitutions,  the  kinetic 

energy of the  subject mass is 

Kinetic Energy of the Negator  Spring Housing 

The coordinates of the center of gravity of the  negator 

spring housing are 

.% = x t b sin(8) 

yh 

P 

= -a -b-cos(@) - 
The velocit ies a re  

=.jtp t e" cos(e) 

= b 6 sin(0) . 9h 

The kinetic en2rgy of the housing can then . b e  written 

as 
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Using the parallel axis theorem, the moment of iner t ia  

of the housing about the ball jojnt is 

Substituting  this  equation  into  the  expression for 

kinetic energy yields  the following: 

Kinetic Eneqgy of Both Nsator Spring S p d s  

The coordinates of the center  of gravity of 

spool combination are 

the two- 

ys = -a -b cos(8) . 
The corresponding  velocities of this  center of mass 

are 

%s p = Z + b 6 cos(8) 

gs = b 6 sinte) . 
The spools rotate with an mgular velocity . This 

angular velmi ty  is a function of both i and 1, and can be 
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expressed as 

where R is the  vzrialbe  radius of a coi l .  The expression 

for R is derived i n  the  next  section. 

Solving for the  kinetic energy due to  translation of 

the center of mass plus that  due to   ro ta t ion  h u t  the  center 

of mass gives 

Ts = M [x + 2x b 0 cos(0)3tIse0 + Is a 
2 2 i2 

S P  P C$L + b - l)+rs 2 I 

Kinetic Energy of the Coiled Portions of Both Negator Springs 

The coordinates of the  center of mass of the   co i l  are 

YC = -a -b cos(B1 e 

It should be noted that  these  coordinates are not a 

function of the variable 1. 

"he velocit ies of the  center of mass are 

% p 

% 

= 2 + b cos(0) 

= b 6 s i d e )  

The kinetic energy of the   co i l  c a  be e-xpressed as 
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The parametsrs Kc, Ice, and Iac are functions  of  the 

distance 1. It can be easily seen that  the mass of one co i l  is 

The radius of the coll can be found f r o m  the  evaluation 

of the  following  integral: 

R 
J r d r =  

rS 

t - ds 2lT 

Where C is the  length of the  coiled  negator  spring 

and ds is an elemat of arc length: 

C = L + b - l  

Upon evaluation of the above integral, R is found: 

R =  / - ( L + b - l ) + r s  t TI 2 

The  moment of iner t ia  of one co i l  about its cylindrical 

axis is 

The m e n t  of iner t ia  of a coil a b u t  m axis perpendi- 

cular t o  the ='is of s w z t r y  through the bal l  joint  is 

2 2  (R - rs) w2 
4 12 Iec = mc C + - + b I  
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Making the  appropiate  substi tutions,  the kinetic energy 

of both coils is found. 

t w2 2 92 + pwt(L + b - 1>[ 4a ( L  + b -1>+ 12 + b I 0 

Kinetic Energy of the A i r  Pad 

The kinetic energy of the air pad cm be simply expressed 

bY 

T = - m x  - 1 .2 
P 2 P P  

Kinetic Energy of the Systen 

The kinetic energy of the system is the su-mation of 

the kinetic  energies of the   cmpnent  masses: 

T = T e + T 1 + T h + T s + T c + T  P o  

Generalized  Forces 

Because of the  negligible a~ drag assumption, the 

generslized force due to  a variation in x is b 
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% = O  

Using the  assmptions of negligible air drag and 

fr ic t ion i n  the ball joint ,   the  general-ized  force due t o  the 

variation of e is 

Where D is the  center of m.ss of  the system suspended 
c g  

below the ball joint.  

% can now be expressed as 

In calculating  the general-ized force due t o  a variation 

in 1, the f r k t i o n a l  torque in the  bearings of one negator 

spring spool is assumed t o  be of the form 

The f r i c t iona l   t oque  contains a viscous f r ic t ion  term 

and a coulmb  friction term. It will be assumed that  these 

are indeper.dent of the load  applied to   t he  bearing because 

the variat5on i n  the beming lozd should be small. 
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The frictional  force due to  t h i s   t o q u e  can be written 
2n a i  f =r making the  substitution c = - R '  

The frictional  force du2 t o  the bearings i n   t h e  spools is 

The generalized  force due to  a vzriation in 1 is 

Substituting  the expl-ssions for Me and R into  the 

above equation, Ql is fomd  in  terms of the  generalized co- 

ordinates. 

Derivation of LhJnamic Eauations 

.Using the method of Lagrslge, t m e  dynamic equations 

will be derived. There w i l l  be one equation for each  gener- 

alized  coordinate or degree of freedom. 

The first equation of motion fop the system is 
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d Then - aT (-1 =o  . 
P 

dt a2 

It is seen  that  the  coordinate x can he'ignored fmn 
P 

the  standpoint of the dynamics of the systern.  FurTthermore, 

the above equation is immediately integrable and has  the form 

- aT = const. 
ajr 
P 

Since the quantity - aT is the monentum associated - 

ajc 
P 

with  the coo-rdinate 2 , the  previous  equation is 

of conservation of nomentun in   the x direction. 
P 

P 
Carrying out  the  required  differentiation, 

a statement 

t h i s  equation 

becomes 

(M +%+2M + 2 p ~ t L + % ) K  +Cs+2Ms+2pr.rtL>b 6 cos(e) 
P S P 

The secorid equation of mt ion  for the system is 

Performing the  required  differentiations  yields: 
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The third equation of motion for the system is 

"(")"" d aT aT - 
dt a 1  a 1  Ql 
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APPENDIX B 

33. F O t ( M n T ( 2 X   3 2 H T H E   F L O W . A T  THE A N N U L U S   1 S . S O N I C )  . . . . . . . .  . 
- 3 0  F O H M A T ( 2 X   3 5 H T H E   F L O W   A T  tHE ANNULUS I S  S U B S O N I C )  

- 

. g1 . F O y M A T ( . i 5 X . _ 3 H P I 1 _ . B X  3HqMI 7 X   O H R H O 1   9 X  4HlJGAP 7x SHFORCE)  

C SF'I UP V A L U E S   T O  HE llSED .IN T H l S  PROGRAM .... . . . . .  

32 F O K M U T ( 1 O X  5E12 .h )  
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170 COlvT INUE . .  
175 c.0 TO 220 
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-3- Su p l y  Pressure 
PS '-8 

2 - 110 p s i g  
3 - 7 0  p s i 8  
4 - 50 p s i g  
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T H E O R E T I C A L  A I R  FORCE VERSUS GAP 
"A""."L"""" 

Outside Radius=2 0" 
Orifice R a d i u s =  188" 
CD- 8 

4 5 0  - I 

-2001 

-250- 

-300" 

SuJr&ly Pressure 

2 - 110 p s i g  
3 - 70 p s i g  
4. - 50 p s i g  

t ."I ." -3 - "E50 ps1g 
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""..  .. , . - I I .I"" 

30 ;- THEORETICAL AIR FORCE VERSUS GAP I 

Outside Radiuszl 0" 
Orif i ce  Radius= J88" 
CD= 8 
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5 0  

0 

- 5 0  

-100 

-150 

-200 

-250 

"-----I" 

Gap (Mils) 

T H E O R E T I C A L  A I R  FORCE VERSUS GAP 
"-1"" - 

O u t s i d e  Radius=Z.O" 
Orif i c e  Rad ius=  156" 
CD= a 8 

2 - 1 1 0  p s i g  
3 - 70 psig 
4 - 50 psig 
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3c 

2c 

IC 

C 

- l a  

- 2 0  

-30 

- 4 0  

- 5 0  

-60 

THEORETICAL AIR FORCE VERSUS GAP 

O u t s i d e  Radiu .s=l .  0" 
Orif ice  Rad ius= .  156"  
CD=. 8 

Su p l y  Pressure 

2 - 110 p s i g  
3 - 70  p s i g  
4 - 50- p s i g  

"m=r 
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1 -250 - 

-300 - 

" d  

,""L ,/"e """"" 1 """" 
!i 15 2 0  

THEORETICAL AIR FORCE VERSUS GAP 
"""L.""Y""" 

Outside R a d i u s = 3 . 0 "  
O r i f i c e  Radius=.125" 
CD=. 8 

Su ly P r e s s u r e  
+ n B T < i r  

2 - 110 p s i g  
3 - 70  p s i g  
4 - 50  p s i g  
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so 

0 

- 50 

-100 

-150 

-200 

-250 

-300 

-".  

-=="."---- 
- 

"") "". 7z.r"e """"" ""----L" 

5 k  15 20 
Gap (Mi 1 s)  

THEORETICAL AIR FORCE VERSUS GAP 
"-*I.-. - "-" 

Outs ide :  Radius=2.0" 
O r i f i c e  Radj.us=.12S9' 
CD=. 8 

Su&y Pressu re  

2 - 1-10 p s i g  
9- E"%- 

3 - 70 psig 
4 - 50 p s i g  
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30 

20 

10 

0 

-10 

- 2 0  

-30 

- 4 0  

- 5 0  

-60 

i 
I 

THEORETICAL A I R  FORCE VERSUS GAP 
" Y l s . " I Y Y " . . . ~ . _ _ Y . _ . I ~ " . " - . ~  

Gap (Mils) 

Outside Radius=l . O f f  
Orifice Radius-.125" 
GD=. 8 

-F=-Ebjri. Su ply Pressure 

2 - 110 p s i g  
3 - 70 psig 
4 - 50 p s i g  
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Outside Radius=3.0” 
O r i f i c e  Radius=.0938” 
CD=. 8 

S u w l y  P r e s s u r e  
T -7‘5i3-Fir 
2 - 110 psig 
3 -. 70 psig 
4 - 50 psig 
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Outside Radius-2.0" 
Orif ice Radi.us=. 0938" 
CD=, 8 

3 - 7 0  p s i g  
4 - 50 p s i g  
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-10 - THEORETICAL 1 .  AIR ““ FORCE VERSUS ” GAP 

Outside R a d i u s = l  a 0”  
Orifice Radius=.093Sff  
CD= 8 

-30 -u S u w l y  P r e s s u r e  - y-i5-(j-pTi”” 
2 - 1 1 0  p s i g  
3 - 70 psig 
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Outside Radius=3.0" 
O r i f i c e  Radius=.0625" 
CD=. 8 

WETTO p s i g 
Su l y  P r e s s u r e  

2 - 110 psig 
3 - 70 psig 
4 - 50 p s i g  
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4 - 50 p s i g  

2 24 



30 

20 

10 

0 

-10 

- 2 0  

-30 

- 4 0  

- 50,  

-60 

THEORETICAL A I R  FORCE VERSUS GAP 
"""7"- 

1 

2 
.cL 

3 
4 - 

"t-" 

Outside R a d i u s = l  . O f t  
Ori f i ce  Radius=,0625" 
CD=, 8 

-p+I-m"" S.u ly Pressu re  
F s l g  

2 - 110 p s i g  
3 - 70  p s i g  
4 - 50 p s i g  
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Outside Radius=3.0" 
-Orifice Radius=. 031311 
CD= ;8 

Sum1.v Pressure 
1 - 1 5 0  p s i g  
2 - 110 psig 
3 - 70 p s i g  
4 - 50 psig 
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THEORETICAL AIR FORCE VERSUS CAP """""." "- 

- 7 - 5  "_"-. -I"----- 
20 

Outside Radius=Z.O" 
Orifice  Radius=.0313" 
CD=. 8 
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10 1'5 2-0 
4 Gap (Nils) 

Outside Radius=:l .O" 
Orifice Radius-.0313" 
CD=. 8 

Sup ly P r e s s u r e  

2 - 110 p s i g  
-r"=ri--- 

3 - 70 psig 
4 - 50 p s i g  
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6 0  VF=-HO*CF . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " - .... - - .. - -. - ... - - ... - . . - - ......... - . 
A F = C F / A M  
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